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ABSTRACT 
Electrodeposited NiCoFe ternary alloys are of interest for their magnetic and 
thermophysical properties. The reaction rates and resulting composition and current 
efficiency are often determined empirically, due to a lack of understanding of the 
electrodeposition mechanism and coupled mass transport. Therefore, the effects of 
electrolyte concentration, bulk pH and solution agitation are studied over a wide range 
of applied current densities to investigate the interrelated behavior of the partial reaction 
rates. The Fe rate during alloy deposition is independent of Co2+ and Fe2+ bulk 
concentrations, but is enhanced compared with its single metal rate. Both catalytic and 
inhibiting effects are observed for Co deposition. Such behavior has not been observed 
before, and is considered unique to the ternary alloy group. The Co rate increases with 
the Co2+ bulk concentration but is inhibited with the Fe2+ bulk concentration. The Ni 
rate is also inhibited with an increase of the Fe2+ bulk concentration, but appears 
unaffected by changes in the Co2+ bulk concentration.  
To date, there is no model of ternary alloy electrodeposition outside of this 
work, despite the material’s importance in the microelectronics area.  Two numerical 
models are developed here for the NiCoFe ternary deposition, one assuming metal 
hydroxides are the main reacting species referred to as a hydroxide model while the 
other does not specify the form of the reacting metal species, referred to as a non-
hydroxide model. Both models assume metal depositions occur in a two-step manner 
and mixed metal intermediate species are formed and adsorb on the electrode surface. 
The effect of the electrolyte concentration is simulated successfully by both models 
through the preferential surface adsorption by the Fe species, which is responsible for 
 vi
not only the enhanced Fe rate, but also the inhibited Co and Ni rates. Chemical 
equilibria of metal sulfates, bisulfate, metal hydroxides and boric acid are included in 
the hydroxide model, which permit a more realistic hydrogen ion diffusion coefficient 
to be used in the simulation. 
 vii
CHAPTER 1. INTRODUCTION 
Electrodeposition, or electroplating, refers to the process where a thin film of 
metal is deposited onto a conductive substrate under an applied potential or current. The 
recent interest in the electrodeposition of the iron-group (Ni, Co and Fe) alloys is due to 
their unique magnetic and thermophysical properties. For example, films of NiFe binary 
alloys have long been made by electrodeposition and are used for recording, memory 
and storage devices.1-5 NiCoFe ternary alloys, rich in Co, have been reported with 
higher saturation magnetic flux density and lower coercivity than Permalloy (Ni80Fe20), 
which can be used to develop more sensitive thin film magnetic heads for high-density 
recording.6-19 NiCoFe ternary alloys, rich in Fe, have also been noted for their low 
thermal expansion property, and commercial applications of these alloys include 
microwave guides, spacecraft optics, laser housings, and printed wired boards.20,21 In 
addition, since the electrodeposition process is capable of depositing metals and alloys 
into recessed and non-uniform surfaces, its applicability finds a niche in the emerging 
MEMS (microelectromechanical systems) technology. Microdevices and structures, 
which take advantage of the properties of NiCoFe alloys can be envisioned, such as 
microsensors and micromolds.       
The standard equilibrium potentials of Ni, Co, and Fe are –0.25, –0.27, and –
0.44 V vs. the normal hydrogen electrode (NHE), respectively.22 Therefore from a 
thermodynamic consideration, Ni, the most noble metal of the three, would be expected 
to deposit preferentially to both Co and Fe during alloy deposition, when the kinetics of 
each metal deposition reaction are comparable. However, the deposition of Ni is greatly 
inhibited by the deposition of Co and/or Fe. A similar phenomenon exists between Co 
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and Fe. This behavior is known as anomalous deposition, which is the characteristic of 
the iron-group alloy deposition. 
The study on the anomalous deposition of the iron-group alloys can be traced 
back to 1927, done by Glasstone and Symes.23 Since then, investigators have rigorously 
examined the iron-group binary alloy codeposition experimentally and different 
explanations for the anomalous codeposition have been presented.24-36 However, the 
mechanism is still not well understood.  
In contrast to the tremendous effort spent on the study of iron-group binary alloy 
codepositions, no modeling of NiCoFe ternary alloy deposition has been conducted 
although anomalous behavior has also been observed with the ternary system in a 
variety of electrolytes.12,16,20,21,37-41 While considerable progress has been achieved in 
establishing plating conditions of the NiCoFe alloys, practical operation still relies 
much on empiricism due to its complex mechanism. To obtain a better control of the 
operation, it is necessary to have a more scientific understanding of its fundamental 
kinetics.  
The purpose of this research is to study the mechanism of the NiCoFe ternary 
alloy deposition and provide further insight of the anomalous deposition behavior. 
Recessed rotating cylinder electrodes are used at different rotation rates to identify the 
kinetically controlled deposition region. Electrolyte concentrations and bulk pH are 
varied to investigate their effects on metal and side reaction partial current densities. 
Two numerical models are developed to simulate the reaction kinetics and mass transfer 
for the NiCoFe ternary alloy deposition. One model assumes metal hydroxides are the 
main reacting species referred to as a hydroxide model, while the other does not specify 
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the form of the reacting metal species, referred to as a non-hydroxide model. Both 
models assume mixed metal intermediate species are formed and adsorb on the 
electrode surface. Alloy composition and current efficiency are predicted by the models, 
which also successfully capture the anomalous deposition behavior observed during 
experiments.  
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CHAPTER 2. LITERATURE REVIEW  
The inhibition of the more noble metal reaction rate during codeposition of a 
binary alloy has been treated as the characteristic feature of the anomalous deposition. 
The resulting deposit thus contains less of the more noble element than expected. 
Anomalous behavior was first observed in 1927 during NiFe binary alloy 
codepositions23 and later confirmed by numerous studies.24-35,42-70 It was also found 
during NiCo29,33-35,63,64,69,72-79 and CoFe29,33-35,63,64,69,80,81 binary alloy codepositions and 
different binary combinations of the iron-group elements (Ni, Co, Fe) exhibit 
anomalous behavior of varying degrees. For example, Ni inhibition is greater during 
NiFe alloy codeposition compared with NiCo alloy codeposition.33,34,69  
Many of the early fundamental studies were carried out in chloride electrolytes. 
In practice however, sulfate solutions are used.82 Studies of the iron-group binary alloy 
deposition from sulfate electrolytes showed that in addition to the inhibition of the more 
noble metal reaction rate there is a complementary increase, or acceleration, of the less 
noble metal reaction rate. 24,29,33-35,42,44,45,48,63,64,69 For example, Fe alloy rate is enhanced 
compared with its single metal deposition and the enhancement is greater during CoFe 
alloy codeposition than NiFe alloy codeposition.33,34,69 Therefore an adequate 
description of the anomalous deposition behavior must include both of these 
phenomena. In view of the fact that the binary alloy deposition is closely related to the 
NiCoFe ternary combination, a pertinent literature review of theories presented to 
describe the binary case is given below. The final section of this chapter reviews the 
research to date of NiCoFe ternary alloy deposition, although there has been no past 
modeling effort to describe its deposition behavior.     
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2.1 Iron-group Binary Alloy Deposition 
Currently, there are two different categories of mechanisms viable to describe 
the anomalous codeposition. For convenience, one is referred to as the hydroxide 
mechanism because it assumes hydroxides play a critical role in the codeposition, while 
the other is called the two-step adsorption mechanism because it emphasizes that the 
metal deposition occurs in a two-step manner and intermediate species are formed and 
adsorb on the electrode surface.  
2.1.1 Hydroxide Mechanism 
Dahms and Croll24 were the first to try to explain the inhibition feature of the 
anomalous behavior observed during the NiFe alloy codeposition. The pH value at the 
cathode surface was assumed to rise because of the following side reactions  
2H+ + 2e → H2      [1-1] 
and  
2H2O + 2e → H2 + 2OH-     [1-2] 
It was proposed that anomalous codeposition was due to a suppression of nickel 
reduction, and the suppression started at the potential where the rate of hydrogen 
evolution exceeded the diffusion limiting current of hydrogen ions. Under these 
conditions, the surface pH could rise sufficiently high so that the metal ions would 
undergo hydrolysis reactions with OH- to form metal hydroxides as 
M2+ + 2OH- ↔ M(OH)2      [1-3] 
where M represents Ni and Fe. Consequently, it was claimed that the suppression of 
nickel reduction was due to the preferential adsorption of ferrous hydroxides at the 
cathode, which blocked available surface sites.  
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Giuliani and Lazzari44 assumed that during the NiFe alloy codeposition, H+ and 
Ni2+ reductions occurred first, leading to a more modest pH rise at the cathode surface 
and therefore the formation of NiOH+ and FeOH+. They then postulated FeOH+ was 
more easily discharged than NiOH+, causing the anomalous codeposition. They also 
found Fe single metal deposition started at more negative potential while Ni single 
metal deposition started at more positive potential compared with the NiFe alloy 
codeposition from sulfate electrolytes. Therefore, not only was the Ni rate inhibited 
during the alloy codeposition, but the Fe rate was greatly enhanced. 
Beltowska-Lehman and Riesenkampf48 used a special glass microelectrode to 
measure the pH in the cathodic layer during the NiFe alloy deposition from sulfate 
electrolytes, and found enough alkalization for the formation of iron hydroxide as 
suggested by Dahms and Croll.24 They also found that the deposition of Fe was 
apparently promoted compared with its single metal deposition, which could not be 
predicted by Dahms and Croll model. 
Hessami and Tobias25 developed a mathematical model for the NiFe alloy 
codeposition to describe the inhibition component of anomalous codeposition. Based on 
previous experimental results83 showing that metal hydroxide ions could act as a buffer 
to moderate the alkalinity of the boundary layer near the cathode, they implied that even 
when the limiting current of hydrogen ions was exceeded, the surface pH might not be 
high enough for the formation of metal hydroxide precipitates. Therefore, they turned to 
hydrolysis product ions (NiOH+ and FeOH+), similar to Giuliani and Lazzari,44 which 
have larger dissociation constants. The following homogeneous chemical reactions in 
the bulk solution were then assumed 
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H2O ↔ H+ + OH-      [1-4] 
FeOH+ ↔ Fe2+ + OH-      [1-5] 
NiOH+ ↔ Ni2+ + OH-      [1-6] 
with the following electrochemical reactions at the cathode 
FeOH+ + 2e → Fe + OH-     [1-7] 
Fe+2 + 2e → Fe       [1-8] 
NiOH+ + 2e → Ni + OH-     [1-9] 
Ni+2 + 2e → Ni      [1-10] 
2H+ + 2e → H2      [1-11] 
2H2O + 2e → H2 + 2OH-     [1-12] 
A much smaller dissociation constant of FeOH+ was used in their model so that the 
calculated surface concentration of FeOH+ was considerably higher than that of NiOH+. 
Furthermore, they claimed that FeOH+ competed with NiOH+ for adsorption sites, and 
the pH rise at the surface was buffered to cause an even lower NiOH+ concentration 
compared with the Ni single metal deposition, therefore leading to the inhibition of the 
Ni deposition. 
Gangasingh and Talbot26 proposed a very similar mechanism for the NiFe 
codeposition to that developed by Dahms and Croll.24 The difference was that both Ni2+ 
and Fe2+ were assumed to form aqueous metal hydroxides (Ni(OH)2(aq) and Fe(OH)2(aq)) 
instead of solid hydroxides through the following homogeneous reaction during the 
deposition 
M2+ + 2OH- ↔ M(OH)2(aq)     [1-13] 
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where M represents either Ni or Fe. The dissociation of boric acid was also included in 
their model. However, it was found not to act as a buffer since the surface pH value was 
not affected by its addition. According to their modeling results, the surface pH value 
only rose from 3 to at most 3.2, far below the value (approximately 6.6) at which the 
solid hydroxides could be formed. Yet anomalous behavior was observed.  
Deligianni and Romankiw55 developed an in situ technique to measure the 
surface pH during Ni and NiFe electrodeposition. It was shown that the surface pH did 
not increase more than 3 pH units from the bulk value of 2, which was much lower than 
that calculated by Dahms and Croll.24 In addition, it was suggested that the solution at 
the cathode was buffered with the generation of nickel and ferrous hydrolyzed species, 
and these species played very important roles in the NiFe binary alloy deposition. 
Grande and Talbot27 suggested a similar mechanism for the NiFe alloy 
codeposition compared with that proposed by Hessami and Tobias.25 It was concluded 
that monohydroxide ions (NiOH+ and FeOH+) should be included in the model and the 
deposition rates were controlled by charge transfer of these monohydroxide ions. 
Differing from Hessami and Tobias model, no competitive adsorption effects were 
assumed. They claimed that the calculated surface pH value was not high enough for 
the metal hydroxide precipitates to be formed, and the anomalous codeposition could 
occur without a significant pH rise at the cathode. 
Yin et al.59 studied the NiFe alloy deposition in the presence of different 
additives. It was shown that while Ni2+ was present in the solution with a much higher 
concentration than Fe2+, the calculated concentration of Fe(OH)+ was two orders of 
magnitude larger than that of Ni(OH)+. They claimed that the adsorbed Fe(OH)+ 
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reduced the surface sites for Ni(OH)+ adsorption, therefore inhibiting the nickel 
deposition, which was consistent with the theory proposed by Hessami and Tobias.25 
Sasaki and Talbot29 extended the model established by Grande and Talbot27 for 
the NiFe codeposition to the NiCo and CoFe systems. Using Smith and Martell’s84 
hydrolysis constants for the monohydroxides, their model was unable to fully 
characterize the NiCo and CoFe systems. They claimed that their model was very 
sensitive to the choice of those constants.  
Ramasubramanian et al.30 proposed their mechanism for the NiFe alloy 
codeposition, assuming that the deposition was solely due to the reduction of the metal 
hydroxide ions (Ni(OH)+ and Fe(OH)+), and the surface was almost completely covered 
by Ni(OH)+ and Fe(OH)+. Similar to Hessami and Tobias,25 the dissociation constant of 
FeOH+ used was orders of magnitude smaller that of NiOH+, causing higher FeOH+ 
surface concentration and surface coverage to inhibit Ni deposition.   
Sasaki and Talbot35 modified Grande and Talbot's model27 and extended their 
own previous work29 by including a competitive surface adsorption effect in their 
model. A variance in the number of surface sites is assumed in their supportive model, 
which is used to account for the enhanced less noble metal rate and inhibited more 
noble metal rate during the iron-group binary alloy codeposition.  
2.1.2 Two-step Adsorption Mechanism  
Matlosz28 proposed a different type of mechanism for the NiFe alloy 
codeposition. It was assumed that metal deposition occurred in a two-step manner via 
an adsorbed intermediate as follows  
M(II) + e- → M(I)ads      [1-14] 
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M(I)ads + e- → M      [1-15] 
where M represents either Ni or Fe. It was then assumed that the preferential surface 
coverage by iron caused the inhibition of the nickel deposition. This model differed 
from previous mechanisms in that the cause of preferential adsorption was assumed to 
be a consequence of the single metal reaction kinetics. Thus, it was suggested that the 
anomalous codeposition did not depend directly on the hydrogen kinetics and surface 
pH.  
Baker and West61 carried out an electrochemical impedance spectroscopy (EIS) 
study on the Ni deposition and NiFe alloy codeposition. Their nickel deposition spectra 
supported the two-step adsorption mechanism proposed by Matlosz.28 In their steady-
state model,31 a modification in the linear relationship between the deposition rate and 
the free surface coverage for the first step of the Fe2+ reduction was found to achieve a 
much better prediction of the alloy composition dependence on the Fe2+ electrolyte 
concentration.  
Krause et al.32 claimed that the mechanism developed by Matlosz28 could be 
simplified at low and moderate overpotentials with low Fe2+ bulk concentration relative 
to that of Ni2+ as follows  
Ni+2 + 2e- → Ni      [1-16] 
Fe+2 + 2e- → Fe      [1-17] 
2H+ + 2e- → H2      [1-18] 
However, no mechanism was suggested to describe the inhibiting effect on Ni rate, thus 
greatly limiting its generality. 
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Sasaki and Talbot63 observed from their experiments of iron-group binary alloy 
codeposition from sulfate electrolytes that two distinct rate-determining steps existed, 
which could be successfully explained by a two-step mechanism. It was also found that 
while the more noble metal rate was unchanged or inhibited, the less noble metal rate 
was promoted compared with their single metal depositions, similar to those observed 
by Giuliani and Lazzari,44 and Beltowska-Lehman and Riesenkampf.48  
Zech et al.33,34,64,69 found that during NiFe alloy deposition, Fe exerted an 
inhibiting effect on Ni and Ni in turn exerted an accelerating effect on Fe. Similar 
behavior was also found for the NiCo and CoFe alloy codepositions. The larger the 
more noble rate is inhibited the larger the less noble reaction rate is accelerated, 
suggesting coupled phenomena. The following reactions were proposed to account for 
the catalytic effect on the less noble metal deposition (indicated as species 2) by the 
more noble metal (indicated as species 1) 
M1(II) + M2(II) + e → [M1M2(III)]ads    [1-19] 
[M1M2(III)]ads + e → M2(s) + M1(II)    [1-20] 
The more noble species promotes the formation of the mixed metal intermediate which 
adsorbs on the electrode surface (Reaction [1-19]). The less noble metal ions are then 
reduced in a catalytic fashion (Reaction [1-20]) in addition to Reactions [1-14] and [1-
15]. The inhibition of the more noble metal deposition is attributed to a surface blocking 
effect caused by the high coverage of [M1M2(III)]ads intermediate. Therefore, it was 
concluded that the Reactions [1-19] and [1-20] were responsible for not only the 
enhanced less noble metal deposition, but also the inhibited more noble one.  
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 Golodnitsky et al.78 studied NiCo alloy deposition from a sulfamate electrolyte 
with different anion additives. Two different Tafel slopes were observed for Ni and Co 
partial current densities so that the deposition reactions were expected to be a two-step 
process, which confirmed the models proposed by Matlosz,28 Baker and West31 and 
Zech et al.34  
2.2 NiCoFe Ternary Alloy Deposition 
Research done on NiCoFe ternary alloy deposition before 1960's was reviewed 
by Brenner,85 which showed that NiCoFe alloys with different compositions were 
examined in order to obtain a deposit having the same thermal expansion coefficient as 
glass for use in electrical leads and for magnetic applications. A subsequent review38 
concerning the ternary alloy electrodeposition progress from 1964 to1969 showed that 
NiCoFe alloys were deposited from chloride86 and sulphate37 electrolytes and used for 
storage devices. Faruq Marikar and Vasu39,87 mapped out plating conditions for a wide 
range of NiCoFe compositions accompanied with high current efficiencies (80-95%) 
from fluoborate electrolytes and studied the structure and properties of the deposits. The 
ternary alloy electrodeposition progress from 1972 to 1978 was reviewed by 
Srivastava,88 which showed that the study of NiCoFe alloy deposition was focused on 
its magnetic properties. For example, Toropova et al.89 deposited 2-3 µm films of 
NiCoFe alloys onto cylindrical copper rods, which had low magnetostrictive properties. 
Singh and Tikoo40 showed acetate electrolytes could be used successfully for plating 
NiCoFe ternary alloys. Phan et al.20 reported Super Invar concentration of NiCoFe 
alloys (64 % Fe, 31 % Ni and 5% Co) from sulfamate-chloride electrolytes for low 
coefficient of thermal expansion applications. They also studied the effects of 
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hydrodynamic condition, current density and temperature on the direct current (DC) 
electrodeposition of the NiCoFe alloys from sulphamate-chloride electrolytes.20,21 Pulse 
current (PC) and pulse reverse current (PR) depositions of the NiCoFe alloys were 
subsequently investigated.41 The alloy composition from PC deposition was similar to 
that from DC deposition, while PR deposition reduced the extent of the anomalous 
behavior. The decrease in the anomalous behavior during PR deposition was attributed 
in part, to the lower surface pH because of the oxidation of the adsorbed hydrogen 
during the anodic pulse. Recent study by Ye et al.,90 Osaka et al.,6-11,13 Liu et al.14,15,17,18 
and Tabakovic et al.12,19 focused on the corrosion and magnetic properties of NiCoFe 
alloys. Tabakovic et al.12 also investigated the influence of organic additives on 
anomalous order of codeposition. To date, no mechanism or modeling effort for the 
NiCoFe ternary alloy deposition has been presented.  
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CHAPTER 3. EXPERIMENTAL SETUP AND PROCEDURE  
The experimental set-up and procedure are described in this chapter. A rotating 
cylinder electrode system is used to carry out galvanostatic depositions. The mass and 
composition of deposits are measured to determine the metal partial current densities. 
The ohmic drop effect is corrected by measuring the resistance between the working 
and reference electrodes through impedance spectroscopy. 
Fig. 3.1 is a schematic of the experimental setup. A copper rotating cylinder 
electrode (RCE) is connected to a Pine MSRX high precision speed control rotator as 
the cathode. The cathode surface is recessed by 1.5 mm from the insulating shaft to 
provide a uniform current distribution. A piece of platinum mesh is used as the anode. 
A glass frit in the two-compartment cell separates the catholyte and anolyte. The 
reference electrode is a Corning saturated calomel electrode (SCE). A BAS-Zahner 
IM6(e) system, including a Pentium 200 MHz PC and an impedance measurement unit, 
is used to control the potential and current during the deposition. The applied charge 
density is 10 - 20 C/cm2 and the thickness of the deposits ranges from 2 to 6 µm. 
The diameter and length of the rotating cylinder electrode are 10.0 ± 0.1 mm and 
12.0 ± 0.1 mm, respectively. After polishing, the electrode is rinsed in a Branson sonic 
cleaner, first with acetone and then with distilled, deionized water. The mass of the 
deposit is obtained by measuring the weight difference of the electrode before and after 
deposition using Mettler AE 240 and AE 50 balances.  
The chemical composition of the deposit is analyzed by a Superprobe 733 
electron microprobe (Jeol Company) with a wavelength dispersive X-ray spectrometer 
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(WDS), as well as by a Kevex X-ray fluorescence (XRF) system. The potential and 
current applied to the X-ray tube in Kevex system are 50 KV and 1.2 mA, respectively. 
 
                                                            BAS-Zahner IM6(e)      
Reference Electrode 
                                                                          Insulating Shaft  
 
 
                                                                       RCE      Platinum Mesh 
                                                                                       Glass Frit               
 
Fig. 3.1 Experimental setup 
Table 3.1 compares the chemical composition analyzed by XRF and by 
microprobe/WDS at current densities of -30 and -40 mA/cm2 from an electrolyte 
containing 0.2 M NiSO4, 0.025 M CoSO4, 0.025 M FeSO4, 0.4 M H3BO3 and 0.5 M 
Na2SO4 with a bulk pH of 3.0, designated as Ni(0.2M)Co(0.025M)Fe(0.025M). The 
XRF analysis penetrates the entire substrate thickness, while the microprobe/WDS 
analysis samples only the first 1 - 2 microns of the deposit. Results from different 
analyses agree well, with a maximum composition difference of 3.16 %.  
Five to six different points are analyzed for each sample and the average value is 
presented. The composition does not vary significantly from point to point for the same 
sample, suggesting that the current distribution is uniform on the electrode surface. An 
example is shown in Fig. 3.2. The average composition along the cylinder electrode at a 
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current density of -5 mA/cm2 electrodeposited from electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M) with a bulk pH of 3.0 is Fe: 49.74 wt %, Co: 33.22 wt 
% and Ni: 17.04 wt %, with corresponding standard deviations of 0.27, 0.08 and 0.24, 
respectively.   
Table 3.1 Chemical composition analyzed by XRF and microprobe/WDS 
 Fe % Co % Ni % 
XRF 44.68 32.06 23.26 
WDS 44.28 32.21 23.51 
-30 mA/cm2 
% Difference 0.89 -0.47 -1.08 
XRF 32.96 30.26 36.78 
WDS 34.00 29.73 36.27 
-40 mA/cm2 
% Difference -3.16 1.75 1.39 
  
A sulfate bath is chosen for the Ni, Co and Fe single metal and NiCoFe ternary 
alloy depositions. A large amount of sodium sulfate is added into the electrolytes in 
order to minimize the migration effect by iron-group metal ions. In addition, the total 
concentration of metal sulfates in each electrolyte is constant. Sulfuric acid is used to 
adjust and maintain bulk pH, which is measured by an Orion 420A pH meter. 
Compared with the metal sulfates in the solution, the amount of added sulfuric acid is 
negligible so that the total concentration of sulfate ions can be considered constant in 
each electrolyte.   
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Fig. 3.2 Chemical composition along the cylinder electrode electrodeposited at -
5 mA/cm2 from electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M). 
 
 All glassware is rinsed with a solution consisting of 4:2:1 volume ratio of 
sulfuric acid, nitric acid and distilled deionized water before deposition. A thorough 
rinse with distilled deionized water follows. Distilled deionized water is sparged with 
nitrogen gas for 1 hour to remove the dissolved oxygen and to avoid the formation of 
Fe3+ and/or Co3+ before it is used to prepare solutions containing Fe2+ and/or Co2+. 
Solutions with Fe2+ and/or Co2+ are also sparged with nitrogen gas for 30 minutes for 
the same purpose before each deposition.  
Galvanostatic experiments are carried out at room temperature of 23 ± 1°C. All 
potentials are versus saturated calomel electrode (SCE) and have been corrected for 
ohmic drop 
realmeacorr ZiEE ⋅−=    [3-1] 
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Fig. 3.3 Potential transients during the NiCoFe ternary alloy deposition from 
electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M). 
where Ecorr (V) is the corrected potential, Emea (V) is the measured potential for the 
working electrode, i (A/cm2) is the current density and Zreal (Ω·cm2) is the resistance 
between the working and reference electrode. Fig. 3.3 shows the potentials measured 
(Emea) during the NiCoFe ternary alloy deposition from electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M) with a bulk pH of 3.0. The applied total current 
densities are -5, -10 and -15 mA/cm2. At the beginning of deposition, the potential 
jumps to a value more negative than the one achieved at steady state. Andricacos et al.53 
have also reported potential transients during NiFe binary alloy codeposition in chloride 
electrolytes, although the non-steady potential region is considerably shorter than those 
observed here in the sulfate electrolytes.  
The resistance between the working and reference electrodes can be obtained 
from impedance spectroscopy. At infinitely high frequency the ohmic resistance is the 
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real impedance measured as the imaginary component approaches zero. Inspection of 
the Nyquist plot, Fig. 3.4, shows typical responses of the NiCoFe ternary alloy 
deposition at various potentials. The X-axis is the real part of the resistance while the Y-
axis represents the imaginary part. The ohmic resistance is 9.4 Ω·cm2 and remains 
unchanged under different applied potentials. 
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Fig. 3.4 Nyquist plots of the NiCoFe ternary alloy deposition at various applied 
potentials from electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M). 
Metal partial current densities (imetal) are calculated by using Faraday’s law   
metal
metaldeposit
metal Mta
Wm
Fni ⋅⋅
⋅⋅⋅−=     [3-2] 
where n is the valence of the metal ion, F is the Faraday constant (96485 C/mol), mmetal 
is the mass of the deposit, Wmetal is the weight percent of the metal in the alloy deposit, a 
is the reactive surface area of the deposit (3.77 cm2), t is the time duration of the 
deposition and Mmetal is the molecular weight of the metal. 
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 The side reaction current density (iSide) is the difference between the total current 
density (itotal) and the sum of all the metal partial current densities (Σ imetal) 
∑−= metaltotalSide iii      [3-3] 
The current efficiency (ε) is the ratio of current density that is used to 
electrodeposit the metals compared to the total applied current density, and is usually 
expressed on a percent basis,  
%100×∑=
total
metal
i
iε      [3-4] 
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CHAPTER 4. EXPERIMENTAL RESULTS 
The effect of rotation rate, electrolyte concentration and bulk pH on the alloy 
electrodeposition behavior, are presented in this chapter. The solid phase composition, 
metal and side reaction partial current densities, and current efficiency during NiCoFe 
ternary alloy deposition are used to describe the deposition behavior. Ni, Co and Fe 
individual, elemental depositions are also studied and their metal partial current 
densities are compared with those from the NiCoFe ternary alloy deposition.       
4.1 Effect of Rotation Rate  
The concentration dependent boundary layer that develops when mass transfer 
governs the reaction rate can be controlled by the rotation rate of the working electrode, 
or cathode in this study. In order to identify the regions where the deposition process is 
kinetically controlled or mass transport controlled, the metal and side reaction partial 
current densities are compared under three different rotation rates (2000, 2500 and 3000 
rpm). At rotation rates lower than 2000 rpm, hydrogen bubbles tend to adhere to the 
surface of the working electrode thus hampering the quality of the deposit, while at 
rotation speeds higher than 3000 rpm, excessive splashing and a vortex forms, which 
can expose the upper region of the electrode. Electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M) with a bulk pH of 3.0 was used, and deposition was 
carried out at various applied current densities.  
4.1.1 Alloy Composition  
Fig. 4.1a, b and c show the effect of the rotation rate on the NiCoFe ternary 
alloy composition. The alloy composition is not affected by the rotation rate at total 
current densities more positive than -40 mA/cm2, indicative of kinetic control. 
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Fig. 4.1 Effect of rotation rate on the NiCoFe ternary alloy composition (wt %) 
from electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M), (a) Fe%, (b) Co%, and (c) 
Ni%. (Fig. 4.1 continued) 
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However, when the current density is more negative than -60 mA/cm2, both the Fe and 
Co contents increase slightly with the rotation rate while the Ni content decreases, due 
to mass transfer limitations. Similar results have been observed from the NiCoFe 
ternary alloy deposition from fluoborate39 and chloride-sulfamate electroltytes.20,21,41 In 
Fig. 4.1a at all three rotation rates, the Fe content increases from 40 % to 56 % between 
the total current density of –4 and -20 mA/cm2, and starts to decrease at more negative 
current densities. Similar phenomenon has been observed in NiFe binary 
alloy32,34,47,53,54,57,59,64 and NiCoFe ternary alloy21,40 depositions. The Fe content reaches 
a maximum and starts to decrease with applied current density as its deposition transfers 
from kinetic to mass transport control. In contrast, the Co content starts to decrease at -
40 mA/cm2 and its decrease is less significant than that of Fe as shown in Fig. 4.1b, 
while the Ni content starts to increase from 15 % at the current density of -20 mA/cm2 
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to 50 % at more negative current densities as shown in Fig. 4.1c. The composition of 
the alloy is not indicative of the metal ions concentration in the electrolyte, which is 
characteristic of anomalous deposition behavior. Although the Ni2+ bulk concentration 
is seven times greater than Fe2+ in the electrolyte, its content is less than that of Fe in the 
alloy when the applied current density is more positive than -40 mA/cm2. In addition, 
the Co content is less than that of Fe in the same deposition region, although the bulk 
concentrations of Co2+ and Fe2+ are same in the electrolyte.  
4.1.2 Metal Partial Current Densities 
 Fig. 4.2 a, b, c show the effect of the rotation rate on the Fe, Co and Ni partial 
current densities, respectively. When the total current density is more positive than -20 
mA/cm2, the Fe, Co and Ni partial current densities are not affected by the rotation rate, 
reflecting the invariant deposit composition in this region. Therefore, all three metal 
deposition rates are kinetically controlled in this region. When the total current density 
is more negative than -60 mA/cm2, both the Fe and Co rates increase with the rotation 
rate while the Ni rate decreases, resulting in alloys with higher Fe and Co contents and 
lower Ni content as shown in Fig. 4.1a, b and c. Similar results have been observed 
from the iron-group binary alloy deposition,25,28,29,32,34,35,53,59,63,64 which showed that at 
negative applied current densities or potentials the less noble metal rate increases with 
the electrolyte agitation while the more noble metal rate decreases. At high current 
densities, the less noble metal deposition (Fe) is mass transport controlled due to its low 
bulk concentration in the electrolyte. Therefore, increasing the rotation rate will 
enhance its mass transfer and thus its deposition. On the other hand, the more noble 
metal (Ni) deposition is still kinetically controlled and is inhibited further. 
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Fig. 4.2 Effect of rotation rate on the (a) Fe, (b) Co and (c) Ni partial current 
densities from electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M). (Fig. 4.2 continued)
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According to the empirical equation for rotating cylinder electrodes provided by 
Eisenberg et al.,92 the diffusion layer thickness δ (cm) is proportional to the rotation rate 
S (rpm) to the –0.7 power as   
7.0356.0344.04.062.99 −−= SDd νδ     [4-1] 
where d (cm) is the diameter of the cylinder, ν (cm2/s) is the kinematic viscosity of the 
electrolyte, and D (cm2/s) is the diffusion coefficient of the reactive species. By 
assuming a Nernst diffusion layer, the limiting current density ilim (mA/cm2) can be 
correlated with the rotation rate as 
 7.0344.04.0
644.0
62.99 −−
−=−=
Sd
CnFDCnFDi bblim νδ  [4-2] 
where Cb (mol/l) is the bulk concentration of the reactive species, n is the valence of the 
reactive species, and F is the Faraday constant (96485 C/mol). 
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Fig. 4.3 Evaluation of mass transport control of Ni, Co and Fe at -1.11 V from 
electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M). 
Fig. 4.3 shows the measured metal reciprocal partial current densities at a 
constant potential of -1.11 V for the three rotation rates from electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M) with a bulk pH of 3.0. This potential (-1.11 V) 
corresponds to the region influenced by mass transport and is associated with the total 
current density of -60, -68 and -71 mA/cm2 at the rotation rate of 2000, 2500 and 3000 
rpm, respectively. There is a linear increase of the Co and Fe reciprocal partial current 
densities with the rotation rate raised to the –0.7 power, indicating mass transport 
conditions. Best-fit lines have been added to the figure. The slopes of the Co and Fe 
lines are 10.16 and 14.71, respectively, and the corresponding intercepts are 0.027 and 
0.011, which are close to zero suggesting that Co and Fe have nearly reached their 
limiting current densities. In contrast, the reciprocals of the Ni partial current densities 
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are relatively flat with the rotation rate raised to the –0.7 power (the slope of the Ni line 
is 3.36), indicating that Ni deposition is still mostly kinetic controlled at this potential.  
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Fig. 4.4 Effect of rotation rate on the side reaction partial current density from 
electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M). 
4.1.3 Side Reaction Partial Current Densities and Current Efficiency 
Fig. 4.4 shows the effect of rotation rate on side reaction partial current densities 
during the ternary alloy deposition. When the total current density is more positive than 
-20 mA/cm2, the side reaction rate increases with the applied current density and is not 
affected by the rotation rate. Therefore, it is kinetically controlled in this region. When 
the total current density is between -20 and -40 mA/cm2, the side reaction rate fluctuates 
around -9 mA/cm2 and its trend with the rotation rate could not be well defined. When 
the total current density is more negative than -40 mA/cm2, the side reaction rate 
increases slowly with the applied current density. 
 28
100
80
60
40
20
0
C
ur
re
nt
 e
ff
ic
ie
nc
y 
(%
)
806040200
-i (mA/cm2)
 2000 rpm
 2500 rpm
 3000 rpm
 
 
Fig. 4.5 Effect of rotation rate on the current efficiency from electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M). 
Current efficiency of the electrodeposition process at the three rotation rates is 
shown in Fig. 4.5. The current efficiency increases from 6.8 % to 84.2 % with applied 
current density and is not significantly affected by the rotation rate in the deposition 
region studied. When the total current density is more positive than -20 mA/cm2, Ni, 
Co, Fe and side reaction rates are all kinetically controlled, thus causing the current 
efficiency to be independent of the electrolyte agitation. At more negative current 
densities, the Co and Fe rates start to increase with the rotation rate due to the mass 
transport effect while the Ni rate starts to decrease, rendering the sum of their rate 
almost unchanged. Therefore, the current efficiency does not change significantly with 
the rotation rate in this negative current density region.   
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Table 4.1 Ni, Co, Fe single metal and NiCoFe ternary alloy electrolytes. 
Solution NiSO4 (M) CoSO4 (M) FeSO4 (M) H3BO3 (M) Na2SO4 (M) 
Ni 0.2   0.4 0.55 
Co  0.025  0.4 0.725 
Co  0.05  0.4 0.7 
Co  0.1  0.4 0.65 
Fe   0.025 0.4 0.725 
Fe   0.05 0.4 0.7 
Fe   0.1 0.4 0.65 
NiCoFe 0.2 0.025 0.025 0.4 0.5 
NiCoFe 0.2 0.05 0.025 0.4 0.475 
NiCoFe 0.2 0.1 0.025 0.4 0.425 
NiCoFe 0.2 0.025 0.05 0.4 0.475 
NiCoFe 0.2 0.025 0.1 0.4 0.425 
 
4.2 Effect of Electrolyte Concentration 
 To study the kinetics of the NiCoFe ternary alloy and single metal, elemental 
depositions, the effect of the electrolyte concentration is investigated by changing Co2+ 
and Fe2+ bulk concentrations while keeping Ni2+ bulk concentration in comparable 
excess. Table 4.1 shows the electrolytes used during Ni, Co, Fe single metal and 
NiCoFe ternary alloy depositions. The bulk pH is maintained at 3.00 ± 0.02 and the 
cathode is rotated at 2000 rpm.  
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Fig. 4.6 Effect of Fe2+ and Co2+ bulk concentrations on the NiCoFe ternary alloy 
composition (wt %), (a) Ni%, (b) Co% and (c) Fe%. (Fig. 4.6 continued) 
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4.2.1 Alloy Composition 
Fig. 4.6a, b and c show the effect of Fe2+ and Co2+ bulk concentrations on the 
NiCoFe ternary alloy deposit composition. The Ni content decreases with both the 
increase of the Fe2+ and Co2+ bulk concentrations, so that the deposit from electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M) has the highest Ni composition in this study as shown 
in Fig. 4.6a. In Fig. 4.6b, the Co composition increases with the Co2+ bulk concentration 
and decreases with the Fe2+ bulk concentration while the Fe content increases with the 
Fe2+ bulk concentration and decreases with the Co2+ bulk concentration as shown in Fig. 
4.6c. These results are consistent with Sivakumar and Rama Char’s37 study on the 
NiCoFe alloy deposition from sulfate electrolytes.  
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4.2.2 Fe partial Current Densities 
 Interpretation of the compositional changes is best done by inspection of the 
metal partial current densities as a function of the driving force, potential. Fig. 4.7a and 
b show the Fe partial current densities during the NiCoFe alloy deposition at different 
Fe2+ and Co2+ bulk concentrations, respectively. In Fig. 4.7a, the Fe partial current 
density is unaffected by the Fe2+ bulk concentration, similar to the behavior reported 
during the NiFe binary alloy codeposition,24 within the kinetically controlled region 
(from –0.80 to –0.93 V). At potentials more negative than –0.93 V, the Fe partial 
current density begins to approach its limiting value, which increases with the Fe2+ bulk 
concentration as expected. The Co2+ bulk concentration also does not influence the Fe 
partial current density as shown in Fig. 4.7b.  
The Fe partial current densities of its single metal deposition at different Fe2+ 
bulk concentrations are presented in Fig. 4.8. Unlike the Fe alloy partial current density, 
the single metal rate is concentration dependent, which has also been reported in similar 
sulfate electrolytes.69,93  
The comparison of the Fe partial current densities during the Fe single metal and 
NiCoFe ternary alloy depositions is shown in Fig. 4.9a, b and c for the three different 
Fe2+ electrolyte bulk concentrations. The Fe rate is enhanced at all three Fe2+ bulk 
concentrations during the alloy deposition compared with the case when it deposits as a 
single element. This is consistent with recent studies in the iron-group binary alloy 
codeposition from sulfate electrolytes, which showed that the less noble metal reaction 
rate is accelerated compared with its single metal deposition.24,29,33-35,42,44,45,48,63,64,69 
Similar phenomenon has also been reported from chloride50 and chloride-sulfamate57 
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Fig. 4.7 Effect of (a) Fe2+ and (b) Co2+ bulk concentrations on the Fe partial 
current density during the NiCoFe ternary alloy deposition. 
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Fig. 4.8 Effect of Fe2+ bulk concentration on the Fe partial current density 
during the Fe single metal deposition. 
 
electrolytes in NiFe binary alloy codeposition and from fluoborate39 electrolytes in 
NiCoFe ternary alloy deposition. Furthermore, as the Fe2+ bulk concentration increases 
the enhancement effect decreases. Since the Fe partial current density is unaffected by 
its bulk concentration during the NiCoFe ternary alloy deposition, the change of the Fe 
single metal deposition rate is responsible for the different extent of enhancement.   
4.2.3 Co Partial Current Densities 
Fig. 4.10a and b show the Co partial current densities during the NiCoFe ternary 
alloy deposition at different Co2+ and Fe2+ bulk concentrations, respectively. In Fig. 
4.10a, the Co partial current density increases with its bulk concentration in the alloy 
electrolytes. This behavior is similar to that observed during NiCo binary alloy 
codeposition in sulfamate electrolytes, which showed that the Co rate is first order with 
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Fig. 4.9 Comparison of Fe partial current densities during the Fe single metal 
and NiCoFe ternary alloy depositions, at Fe2+ bulk concentration (a) 0.025 M, 
(b) 0.05 M and (c) 0.1 M. (Fig. 4.9 continued) 
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Enhancement
 respect to the Co2+ bulk concentration.74,78 On the other hand, the Co rate decreases 
with an increase of the Fe2+ bulk concentration in the potential range from –0.83 to –
0.95 V, as shown in Fig. 4.10b. A similar result has been reported during CoFe binary 
alloy codepositions from sulfate electrolytes.34,69 When the potential is more negative 
than –0.95 V, the Fe partial current density approaches its limiting value and the Co 
partial current density is no longer affected by the Fe2+ bulk concentration.   
The Co single metal partial current densities are shown in Fig. 4.11 for various 
Co2+ bulk concentrations. Similar to the NiCoFe alloy deposition, the Co rate increases 
with its bulk concentration during its single metal deposition.   
The comparison of the Co partial current densities during the Co single metal 
and NiCoFe ternary alloy depositions is shown in Fig. 4.12a, b, c, d and e. When the
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Fig. 4.10 Effect of (a) Co2+ and (b) Fe2+ bulk concentrations on the Co partial 
current density during the NiCoFe alloy deposition. 
 
0.1
1
10
100
-i C
o 
(m
A
/c
m
2 )
-1.2-1.1-1.0-0.9-0.8
E vs. SCE (V)
 Ni(0.2M)Co(0.025M)Fe(0.025M)
 Ni(0.2M)Co(0.025M)Fe(0.05M)
 Ni(0.2M)Co(0.025M)Fe(0.1M)
0.1
1
10
100
-i C
o 
(m
A
/c
m
2 )
-1.2-1.1-1.0-0.9-0.8
E vs. SCE (V)
 Ni(0.2M)Co(0.1M)Fe(0.025M)
 Ni(0.2M)Co(0.05M)Fe(0.025M)
 Ni(0.2M)Co(0.025M)Fe(0.025M)
 38
0.1
1
10
100
-i C
o 
(m
A
/c
m
2 )
-1.2-1.1-1.0-0.9-0.8
E vs. SCE (V)
 Co(0.1M)
 Co(0.05M)
 Co(0.025M)
 
Fig. 4.11 Effect of Co2+ bulk concentration on the Co partial current density 
during the Co single metal deposition. 
Co2+ bulk concentration is 0.1 or 0.05 M and the Fe2+ bulk concentration is 0.025 M 
(Fig. 4.12 a and b), the Co alloy rate is enhanced compared with its single metal 
deposition within the potential range studied. However, in Fig. 4.12c, when the Co2+ 
and Fe2+ bulk concentrations are both 0.025 M, the Co alloy rate is enhanced only at 
potentials more negative than –0.86 V. When the Fe2+ bulk concentration increases to 
0.05 and 0.1 M, both inhibiting and catalytic effects on the Co alloy rate are observed 
and the inhibition region increases with the Fe2+ bulk concentration as shown in Fig. 
4.12d and e. The Co alloy rate has been reported to be inhibited during CoFe29,34,63,64,69 
alloy codeposition and enhanced during NiCo29,33-35,63,69 alloy codeposition compared 
with its single metal rate from sulfate electrolytes. Therefore, the observation in the 
NiCoFe ternary alloy deposition is a combination of both processes.      
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Fig. 4.12 Comparison of Co partial current densities during the Co single metal 
and NiCoFe ternary alloy depositions, Fe2+ bulk concentration at 0.025 M and 
Co2+ bulk concentration at (a) 0.1 M, (b) 0.05 M and (c) 0.025 M; Co2+ bulk 
concentration at 0.025 M and Fe2+ bulk concentration at (d) 0.05 M and (e) 0.1 
M. (Fig. 4.12 continued) 
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4.2.4. Ni Partial Current Densities 
The Ni partial current densities during the NiCoFe ternary alloy deposition at 
different Fe2+ and Co2+ bulk concentrations are presented in Fig. 4.13a, and b, 
respectively. The Ni rate decreases with an increase of the Fe2+ bulk concentration 
within the potential range from –0.81 to –0.95 V as shown in Fig. 4.13a. Similar result 
has also been reported during NiFe binary alloy codepositions from sulfate34,69 and 
chloride50 electrolytes. When the potential is more negative than –0.95 V, similar to the 
Co partial current density, the Ni rate is no longer affected by the Fe2+ bulk 
concentration. In addition, the Ni partial current density appears not to be appreciably 
affected by the Co2+ bulk concentration within the whole deposition range as shown in 
Fig. 4.13b.  
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Fig. 4.13 Effect of (a) Fe2+ and (b) Co2+ bulk concentrations on the Ni partial 
current density during the NiCoFe ternary alloy deposition. 
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Fig. 4.14 Comparison of Ni partial current densities during the Ni single metal 
and NiCoFe ternary alloy depositions at Fe2+ bulk concentration (a) 0.025 M, (b) 
0.05 M and (c) 0.1 M. (Fig. 4.14 continued) 
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Fig. 4.14a, b and c show the comparison of the Ni partial current densities 
during the Ni single metal and NiCoFe ternary alloy depositions. The Ni alloy rate is 
inhibited at all three different Fe2+ bulk concentrations, and it is inhibited to a greater 
extent under higher Fe2+ bulk concentration, which has been reported as a noted 
characteristic of the anomalous behavior in the iron-group binary alloy 
codeposition.34,69  
4.2.5 Side Reaction Partial Current Densities and Current Efficiency 
Fig. 4.15 displays the side reaction partial current densities at different Fe2+ and 
Co2+ bulk concentrations during the NiCoFe ternary alloy deposition. The metal ion 
concentration variation has almost no effect on the side reaction rate in the studied 
potential region. The side reaction rates increase slowly and remain flat around –8 
mA/cm2 when the potential is more negative than –0.90 V.  
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Fig. 4.15 Effect of Fe2+ and Co2+ bulk concentrations on the side reaction 
partial current density during the NiCoFe ternary alloy deposition. 
Fig. 4.16 shows the current efficiency during the NiCoFe ternary alloy 
deposition, which rises with the applied current density, ranging from 10.2 to 84.8 %. 
Since the side reaction rate remains relatively constant over the potential range studied, 
it is the variation of the metal reaction rates that contribute to the large change in the 
current efficiency.  
4.3 Effect of Bulk pH 
As previously noted, some investigators assumed surface pH rose and metal 
hydroxides formed, playing critical roles during iron-group binary alloy codepositions25-
27,29,30,35,44,48,49,58,59,71 while others considered the surface pH rise was not sufficient for 
the formation of metal hydroxides55 or did not include the influence of metal hydroxides 
in their mechanisms.28,31-33,34,36 To verify these assumptions and provide further insight 
 46
100
80
60
40
20
0
C
ur
re
nt
 e
ff
ic
ie
nc
y 
(%
)
6050403020100
-i (mA/cm2)
 Ni(0.2M)Co(0.025M)Fe(0.1M)
 Ni(0.2M)Co(0.025M)Fe(0.05M)
 Ni(0.2M)Co(0.025M)Fe(0.025M)
 Ni(0.2M)Co(0.05M)Fe(0.025M)
 Ni(0.2M)Co(0.1M)Fe(0.025M)
Fig. 4.16 Current efficiency at different Fe2+ and Co2+ bulk concentrations 
during the NiCoFe ternary alloy deposition. 
about the importance of metal hydroxides, the bulk pH is varied to study its effect on 
metal and side reaction partial current densities and anomalous deposition behavior. 
Table 4.2 shows the electrolytes used for the Ni, Co and Fe single metal and NiCoFe 
ternary alloy depositions. Three bulk pHs (2.5, 3.0 and 3.5) are studied for the alloy 
electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M). Electrolytes with bulk pH 2.0 and 4.0 
have also been tested. Current efficiency from the electrolyte with a bulk pH 2.0 is low 
(less than 10 %) while the electrolyte with a bulk pH 4.0 is unclear after deposition 
suggesting metal hydroxides might be formed during the deposition. The rotation rate of 
the cathode is 2000 rpm.  
4.3.1 Alloy Composition 
Fig. 4.17a, b and c show the effect of bulk pH on the NiCoFe ternary alloy 
deposit composition. In Fig. 4.17a, the Fe content does not vary significantly with the
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Table 4.2 Electrolytes with different bulk pHs for the Ni, Co and Fe single metal 
and NiCoFe ternary alloy depositions. 
Solution NiSO4 (M) CoSO4 (M) FeSO4 (M) H3BO3 (M) Na2SO4 (M) Bulk pH 
Ni 0.2   0.4 0.55 2.5 
Ni 0.2   0.4 0.55 3.0 
Ni 0.2   0.4 0.55 3.5 
Co  0.025  0.4 0.725 2.5 
Co  0.025  0.4 0.725 3.0 
Co  0.025  0.4 0.725 3.5 
Fe   0.025 0.4 0.725 2.5 
Fe   0.025 0.4 0.725 3.0 
Fe   0.025 0.4 0.725 3.5 
NiCoFe 0.2 0.025 0.025 0.4 0.5 2.5 
NiCoFe 0.2 0.025 0.025 0.4 0.5 3.0 
NiCoFe 0.2 0.025 0.025 0.4 0.5 3.5 
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Fig. 4.17 Effect of bulk pH on the NiCoFe ternary alloy composition (wt %), (a) 
Fe%, (b) Co% and (c) Ni%. (Fig. 4.17 continued) 
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bulk pH when the total current density is more positive than -10 mA/cm2. When the 
total current density is more negative than -10 mA/cm2, the Fe content decreases with 
bulk pH, while the Ni content increases as shown in Fig. 4.17c, indicating the alloy 
deposition is less anomalous at higher bulk pH. Similar results have been reported 
during NiCoFe ternary alloy deposition from sulfate37 and fluoborate39 electrolytes. In 
contrast, the Co content remains almost unchanged in the deposition region studied at 
different bulk pHs as shown in Fig. 4.17b.  
4.3.2 Fe Partial Current Densities 
 Fig. 4.18 shows the Fe partial current densities at different bulk pHs during the 
NiCoFe ternary alloy deposition. While the Fe alloy rate does not change significantly 
with bulk pH, it appears to decrease slightly at pH 2.5. Fe partial current density has 
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Fig. 4.18 Effect of bulk pH on the Fe partial current density  
during the NiCoFe ternary alloy deposition. 
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Fig. 4.19 Effect of bulk pH on the Fe partial current density  
during the Fe single metal deposition. 
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been reported to decrease with bulk pH during NiFe binary alloy deposition from 
sulfate electrolytes.44    
Fig. 4.19 shows the Fe partial current densities at different bulk pHs during its 
single metal deposition. The Fe partial current density at the bulk pH 2.5 is close to that 
at pH 3.5 while it decreases at pH 3.0. Hilbert et al.93 reported different reaction orders 
and Tafel slopes for the Fe single metal deposition from sulfate electrolytes at different 
bulk pHs (from 2.33 to 3.80) and concluded that the deposition mechanism was 
different depending on bulk pH.  
The comparison of the Fe partial current densities at different bulk pHs during 
the Fe single metal and NiCoFe ternary alloy depositions is shown in Fig. 4.20a, b and 
c. The Fe rate is enhanced at all three bulk pHs during the alloy deposition. The 
enhancement is greatest at pH 3.0 as its Fe single metal rate is the lowest while the Fe 
alloy rate does not change significantly with bulk pH.   
4.3.3 Co Partial Current Densities 
 Fig. 4.21 and Fig. 4.22 show the Co partial current densities at different bulk 
pHs during the NiCoFe ternary alloy and Co single metal depositions, respectively. The 
Co rate during alloy formation is almost same at the bulk pH 3.0 and 3.5, and decreases 
slightly at pH 2.5. During the single, elemental deposition the Co partial current density 
appears unaffected by bulk pH. 
The comparison of the Co partial current densities at different bulk pHs during 
the Co single metal and NiCoFe ternary alloy depositions is shown in Fig. 4.23a, b and 
c. There is an apparent enhancement of the Co rate at the bulk pH 3.0 and 3.5 while it is 
only slightly accelerated at the bulk pH 2.5. Since the Co rate appears unaffected by
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Fig. 4.20 Comparison of Fe partial current densities at the bulk pH (a) 3.5, (b) 3.0 
and (c) 2.5, during the Fe single metal and NiCoFe ternary alloy depositions. (Fig. 
4.20 continued) 
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The comparison of the Co partial current densities at different bulk pHs during 
the Co single metal and NiCoFe ternary alloy depositions is shown in Fig. 4.23a, b and 
c. There is an apparent enhancement of the Co rate at the bulk pH 3.0 and 3.5 while it is 
only slightly accelerated at the bulk pH 2.5. Since the Co rate appears unaffected by 
bulk pH during its single metal deposition, the change of the Co alloy rate is responsible 
for the different extent of enhancement. 
4.3.4 Ni Partial Current Densities 
Fig. 4.24 and Fig. 4.25 show the Ni partial current densities at different bulk pHs 
during the NiCoFe ternary alloy and Ni single metal depositions, respectively. The Ni 
partial current density does not vary significantly at the bulk pH 3.0 and 3.5 but 
decreases at pH 2.5 during the alloy deposition. When Ni is deposited as a single metal, 
its rate does not vary significantly with bulk pH. 
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Fig. 4.21 Effect of bulk pH on the Co partial current density  
during the NiCoFe ternary alloy deposition. 
 
 
 
 
Fig. 4.22 Effect of bulk pH on the Co partial current density  
during the Co single metal deposition. 
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 (a) 
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Fig. 4.23 Comparison of Co partial current densities at the bulk pH (a) 3.5, (b) 3.0 
and (c) 2.5, during the Co single metal and NiCoFe ternary alloy depositions. (Fig. 
4.23 continued) 
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  Fig. 4.26a, b and c show the comparison of the Ni partial current densities at 
different bulk pHs during the Ni single metal and NiCoFe ternary alloy depositions. The 
Ni rate is apparently inhibited at the bulk pH 2.5, while it is slightly inhibited at pH 3.0 
and no inhibition is observed at the bulk pH 3.5. Similar to the Co case, it is the change 
of the Ni alloy rate that causes the different extent of inhibition.   
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4.3.5 Side Reaction Partial Current Densities and Current Efficiency 
The side reaction partial current densities at different bulk pHs during the 
NiCoFe ternary alloy deposition are shown Fig. 4.27. At the bulk pH 2.5 and 3.0, the 
side reaction rate increases slowly when the potential is more positive than -0.9 V, 
while it remains flat at more negative potentials as expected since it approaches a mass 
transport limit. In addition, the flat portion of the side reaction rate at the bulk pH 2.5 is 
around 2.75 times of that at pH 3.0, which is close to the ratio of their hydrogen ion
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Fig. 4.24 Effect of bulk pH on the Ni partial current density  
during the NiCoFe ternary alloy deposition. 
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Fig. 4.25 Effect of bulk pH on the Ni partial current density  
during the Ni single metal deposition. 
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Fig. 4.26 Comparison of Ni partial current densities at the bulk pH (a) 3.5, (b) 3.0 
and (c) 2.5, during the Ni single metal and NiCoFe ternary alloy depositions. (Fig. 
4.26 continued) 
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bulk concentrations (3.16). There are two side reactions during the NiCoFe ternary alloy 
deposition as follows 
2H+ + 2e → H2 ↑      [4-3] 
2H2O + 2e → H2 ↑ + 2OH-     [4-4] 
When the potential is more negative than -0.9 V, the flat region of the side reaction rate 
indicates that the hydrogen ion reduction (Reaction [4-3]) is the dominant side reaction 
and is mass transport controlled. Zech et al.34,64 reported similar results during the NiFe 
binary alloy deposition from sulfate electrolytes at the bulk pH 3.0 and showed that 
water reduction (Reaction [4-4]) becomes important only at potentials more negative 
than -1.1 V. In contrast, no flat region is observed for the side reaction rate at the bulk 
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Fig. 4.27 Effect of bulk pH on the side reaction partial current density  
during the NiCoFe ternary alloy deposition. 
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Fig. 4.28 Effect of bulk pH on the current efficiency  
during the NiCoFe ternary alloy deposition. 
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pH 3.5, which increases with the applied potential and eventually surpasses the rate at 
the bulk pH 3.0, indicating the water reduction is the dominant side reaction.  
 Fig. 4.28 shows the current efficiency at different bulk pHs during the NiCoFe 
ternary alloy depositions. The current efficiencies at the bulk pH 3.0 and 3.5 are higher 
than that at pH 2.5 as expected. When the applied current density is more positive than -
15 mA/cm2, the current efficiency at the bulk pH 3.5 is higher than that at pH 3.0. At 
more negative current densities, the water reduction at the bulk pH 3.5 rises 
significantly causing its current efficiency to be lower than that at pH 3.0.       
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CHAPTER 5. NON-HYDROXIDE MODEL 
In this chapter a non-hydroxide model is developed to simulate the NiCoFe 
ternary alloy deposition. The model does not include the influence of the metal 
hydroxides, thus referred to as a non-hydroxide model. Metal depositions are assumed 
to occur in a two-step manner and mixed metal intermediate species are formed and 
adsorb on the electrode surface. The effect of the electrolyte concentration on the metal 
and side reaction rates is successfully simulated and the anomalous deposition behavior 
is captured.  
5.1 Reaction Mechanism   
 During the Ni, Co and Fe single metal depositions, the metal ions M(II) are 
assumed to be reduced to M(I)ad, which adsorbs on the electrode surface and is further 
reduced to the metal M(s), represented schematically as 
 M(II) + e → M(I)ad      [5-1] 
 M(I)ad + e → M(s)      [5-2] 
During the NiCoFe ternary alloy deposition, Fe and Co alloy rates are enhanced 
compared with their single metal depositions as shown previously in Fig. 4.9 and 4.12, 
respectively. Zech et al.34 proposed that the metal ions formed a mixed metal 
intermediate species, which was responsible for the enhanced less noble metal rate 
during the iron-group binary alloy codeposition. The same mechanism can be employed 
here, 
 M1(II) + M2(II) + e → M1M2(III)ad     [5-3] 
 M1M2(III)ad + e → M1(s) + M2(II)      [5-4] 
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where M1(II) and M2(II) are different metal ions, M1(II) is the less noble metal ion and 
M2(II) is the more noble one. M1(II) and M2(II) form the mixed metal intermediate ion 
M1M2(III)ad, which adsorbs on the electrode surface and is further reduced to M1 metal. 
In these two-step reactions, M2(II) acts as a catalyst so that the M1 deposition rate can 
be enhanced compared with its single metal deposition. Therefore, Co deposition can be 
enhanced by the existence of Ni(II) while Fe deposition can be enhanced by both Co(II) 
and Ni(II) in the electrolyte during the NiCoFe ternary alloy deposition. 
A Volmer-Heyrovsky mechanism is assumed for the hydrogen ion reduction, 
which is the dominant side reaction in the potential range studied during the NiCoFe 
ternary alloy deposition as  
H+  + e → Had       [5-5] 
Had + H+ + e → H2↑      [5-6] 
The reduction of the solvent (H2O) may also be an important side reaction at negative 
overpotentials. However, the potential in the experimental study is not in the region 
where the reduction of the solvent is significant. Therefore, it is not included to simplify 
the model.  
 A complete list of the reduction reactions during the NiCoFe ternary alloy 
deposition is shown in Table 5.1. Current densities corresponding to these reactions are 
expressed by Tafel approximations as shown in Table 5.2, and kinetic parameters (rate 
constants and inverse Tafel slopes) used in the reaction current density equations are 
listed in Table 5.3.     
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Table 5.1 Reduction reactions during the NiCoFe ternary alloy deposition 
in the non-hydroxide model 
 
 Reactions 
1 Ni(II) + e → Ni(I)ad 
2 Ni(I)ad + e → Ni 
3 Co(II) + e → Co(I)ad 
4 Co(I)ad + e → Co 
5 Fe(II) + e → Fe(I)ad 
6 Fe(I)ad + e → Fe 
7 Co(II) + Ni(II) + e → CoNi(III)ad 
8 CoNi(III)ad + e → Co + Ni(II) 
9 Fe(II) + Ni(II) + e → FeNi(III)ad 
10 FeNi(III)ad + e → Fe + Ni(II) 
11 Fe(II) + Co(II) + e → FeCo(III)ad 
12 FeCo(III)ad + e → Fe + Co(II) 
13 H+  + e → Had 
14 Had + H+ + e → H2↑ 
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Table 5.2 Partial current density kinetic rate expressions 
Reactions Equations 
1 iNi,1 = -F kNi,1 θe CNi(II) exp(-bNi,1E) 
2 iNi,2 = -F kNi,2 θNi(I)ad exp(-bNi,2E) 
3 iCo,1 = -F kCo,1 θe CCo(II) exp(-bCo,1E) 
4 iCo,2 = -F kCo,2 θCo(I)ad exp(-bCo,2E) 
5 iFe,1 = -F kFe,1 θe CFe(II) exp(-bFe,1E) 
6 iFe,2 = -F kFe,2 θFe(I)ad exp(-bFe,2E) 
7 iCoNi,1 =  -F kCoNi,1 θe2 CCo(II) CNi(II) exp(-bCoNi,1E) 
8 iCoNi,2 = -F kCoNi,2 θCoNi(III)ad exp(-bCoNi,2E) 
9 iFeNi,1 = -F kFeNi,1 θe2 CFe(II )CNi(II )exp(-bFeNi,1E) 
10 iFeNi,2 = -F kFeNi,2 θFeNi(III)ad exp(-bFeNi,2E) 
11 iFeCo,1 = -F kFeCo,1 θe2 CFe(II) CCo(II) exp(-bFeCo,1E) 
12 iFeCo,2 = -F kFeCo,2 θFeCo(III)ad  exp(-bFeCo,2E) 
13 iH,1 = -F kH,1 θe CH+ exp(-bH,1E) 
14 iH,2 = -F kH,2 θHad CH+ exp(-bH,2E) 
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Table 5.3 Kinetic parameters 
Reactions Rate constants Inverse Tafel slopes (V-1) 
1 kNi,1 = 9·10-11 cm·s-1 bNi,1 = 16 
2 kNi,2 = 5.5·10-12 mol·cm-2·s-1 bNi,2 = 9 
kCo,1 = 2.05·10-9 cm·s-1 # bCo,1 = 13 # 
3 kCo,1 = 1.8·10-12 cm·s-1  ## bCo,1 = 20 ## 
kCo,2 = 2·10-9 mol·cm-2·s-1 # bCo,2 = 13 # 
4 kCo,2 = 2·10-12 mol·cm-2·s-1 ## bCo,2 = 20 ## 
kFe,1 = 1.55·10-25 cm·s-1 * bFe,1 = 45 * 
kFe,1 = 5.2·10-32 cm·s-1 ** bFe,1 = 65 ** 5 
kFe,1 = 3.1·10-27 cm·s-1 *** bFe,1 = 55 *** 
kFe,2 = 1·10-20 mol·cm-2·s-1 * bFe,2 = 45 * 
kFe,2 = 5·10-27 mol·cm-2·s-1 ** bFe,2 = 65 ** 6 
kFe,2 = 1·10-22 mol·cm-2·s-1 *** bFe,2 = 55 *** 
7 kCoNi,1 = 1.25·10-6 cm4·mol-1·s-1 bCoNi,1 = 20 
8 kCoNi,2 = 2.5·10-15 mol·cm-2·s-1 bCoNi,2 = 20 
9 kFeNi,1 = 2·10-9 cm4·mol-1·s-1 bFeNi,1 = 28 
10 kFeNi,2 = 4.1·10-19 mol·cm-2·s-1 bFeNi,2 = 28 
11 kFeCo,1 = 2·10-9 cm4·mol-1·s-1 bFeCo,1 = 28 
12 kFeCo,2 = 4.1·10-19 mol·cm-2·s-1 bFeCo,2 = 28 
13 kH,1 = 1·10-6 cm·s-1 bH,1 = 15 
14 kH,2 = 6·102 cm·s-1 bH,2 = 15 
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(# Electrolytes in which the Co2+ bulk concentration is 0.025 M 
## Electrolytes in which the Co2+ bulk concentration is 0.05 M or 0.1M 
* Electrolytes in which the Fe2+ bulk concentration is 0.025 M 
** Electrolytes in which the Fe2+ bulk concentration is 0.05 M 
*** Electrolytes in which the Fe2+ bulk concentration is 0.1 M) 
Boric acid and sulfate ions are assumed not to adsorb on the cathode surface 
while hydrogen atoms, metal and mixed metal intermediate ions compete for free 
surface sites. Similar to Zech et al.,34 each mixed metal intermediate ion is assumed to 
take two surface sites because of its larger molecular size. A second order treatment of 
the empty space is also consistent with the findings from the NiFe binary alloy 
codeposition by Baker and West.31 Therefore, the current densities of Reactions [7], [9] 
and [11] are proportional to the square of the fraction of available surface sites (θe)   
θe = 1 - θNi(I)ad - θCo(I)ad - θFe(I)ad - θCoNi(III)ad - θFeNi(III)ad - θFeCo(III)ad - θHad  [5-7] 
The rate constants and inverse Tafel slopes of Reactions [1] - [6] shown in Table 
5.3 are determined from a fit of the Ni, Co and Fe single metal depositions. Since the 
Co and Fe rates increase with their bulk concentrations as shown in Fig. 4.8 and 4.11, 
the constants are chosen so that Reactions [4] and [6] are fast compared with Reactions 
[3] and [5] resulting in low surface adsorption by Co(I)ad and Fe(I)ad. In order to 
simulate the Co and Fe single metal rates at various Co2+ and Fe2+ bulk concentrations, 
the rate constants and inverse Tafel slopes are altered. The kinetic parameters of the Ni 
partial current density are selected to favor Reaction [2] at low overpotentials and 
Reaction [1] at high overpotentials similar to Matlosz's simulation of the NiFe binary 
alloy codeposition.28  
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The rate constants and inverse Tafel slopes of Reactions [7] - [14] are 
determined from the NiCoFe ternary alloy deposition. Unlike its single metal 
deposition, the Fe alloy rate shows no dependence on its bulk concentration within the 
kinetically controlled region as shown in Fig. 4.7a, suggesting a change in the 
controlling mechanism or step for the Fe rate during the NiCoFe ternary alloy 
deposition compared with the single metal case. Since an enhancement effect by Co(II) 
and Ni(II) is observed during the alloy deposition, it is more appropriate to treat the Fe 
alloy rate with the catalytic mechanism (Reactions [9] - [12]), and the kinetic constants 
are chosen so that  the second steps (Reactions [10] and [12]) are rate-determining 
rendering high surface adsorption by FeNi(III)ad and FeCo(III)ad. Furthermore, it is 
assumed that Ni(II) and Co(II) have the same catalytic ability for the Fe alloy rate so 
that the kinetic parameters of Reactions [9] and [10] are the same as those of Reactions 
[11] and [12], respectively. The kinetic constants governing the surface adsorption of 
CoNi(III)ad are chosen so that neither Reaction [7] nor [8] dominates. Such a choice in 
rate constants allows the Co alloy rate to be sensitive to changes in the Co2+ bulk 
concentration and also have a non-zero surface adsorption in order to impart an 
inhibiting effect on the Ni rate, particularly during the NiCo binary alloy deposition. 
Due to the mass transport effect of the hydrogen ions, the hydrogen surface adsorption 
is assumed to be small by setting the rate constant of the second step (Reaction [14]) 
orders of magnitude larger than the first step (Reaction [13]). 
5.2 Diffusion Layer and Boundary Conditions 
The diffusion layer thickness (δ) is estimated from the empirical equation for 
rotating cylinder electrodes provided by Eisenberg et al.92 
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7.0356.0344.04.062.99 −−= SDd νδ     [5-8] 
The kinematic viscosity is assumed to be 0.01 cm2/s. The diffusion coefficient is 
calculated from the experimental limiting current density (ilim,exp) and the ion bulk 
concentration (Cb) by assuming a Nernst diffusion layer as 
b
explim,
nFC
i
D
δ⋅−=       [5-9]  
Since Fe and Co have almost the same limiting current density when they have the same 
bulk concentration, they are assumed to have the same diffusion coefficient (2.56·10-6 
cm2/s). The Ni ion diffusion coefficient is assumed to be equivalent to Fe and Co, an 
assumption similarly used in the iron-group binary alloy codeposition models.25,27,34 
The diffusion coefficient of the hydrogen ion is 7.33·10-4 cm2/s, which is determined at 
the bulk pH 3.0 and is larger than other reported values.25,27,28,32,34 The chemical 
equilibrium of HSO4- is not included in the model, which could provide extra protons as 
proposed by Zech and Landolt94 in the study of the NiFe binary alloy codeposition from 
sulfate electrolytes. Therefore, this additional increase in H+ concentration is artificially 
accounted for through the increase of its diffusion coefficient. The diffusion coefficient 
of the hydroxyl ion is 5.5·10-5 cm2/s as used by Zech et al.'s model for the iron-group 
binary alloy codepositions.34 
According to Equation [5-8], the difference in the diffusion coefficients of metal 
and hydrogen ions renders multiple diffusion layers, which requires an internal 
boundary in the numerical simulation. A five-point finite difference method95 is 
therefore used. The migration effect is neglected while no convection exists within the 
diffusion layer.   
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At the cathode surface, the flux of each species is related to its reaction rates as 
follows,  
F
i
dx
dC
D NiIINiIINi
1,)(
)( −=      [5-10] 
F
i
F
i
dx
dC
D CoNiCoIICoIICo
1,1,)(
)( −−=     [5-11] 
F
i
F
i
F
i
dx
dC
D FeCoFeNiFeIIFeIIFe
1,1,1,)(
)( −−−=    [5-12] 
 
F
i
F
i
dx
dC
D
dx
dC
D HHOHOH
H
H
2,1, −−=− −−++    [5-13] 
The material balances of the metal, mixed metal and hydrogen intermediate species at 
steady state require that the current densities from Reactions [1], [3], [5], [7], [9], [11] 
and [13] equal those from Reactions [2], [4], [6], [8], [10], [12] and [14], respectively. 
The water dissociation is also included at the electrode surface as well as in the 
diffusion layer   
 KH2O = CH+ · COH-      [5-14] 
 In the metal ion diffusion layer, the material balance of each species at steady 
state is governed by 
 02
)(
2
)( =dx
Cd
D IIMIIM       [5-15]    
 02
2
2
2
=− −−++
dx
Cd
D
dx
Cd
D OHOH
H
H     [5-16] 
where M represents Ni, Co and Fe. 
At the internal boundary, a continuity equation is required for each reacting 
species   
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boundarytheofright
M
boundarytheofleft
M
dx
dC
dx
dC
      =    [5-17]  
where M represents Ni(II), Co(II) and Fe(II) and H+. 
Between the internal boundary and the end boundary, the metal ion 
concentration is equal to its bulk concentration as  
       [5-18] b IIMIIM CC )()( =
where M represents Ni, Co and Fe. To simplify the model, metal sulfates are assumed to 
dissolve and dissociate completely during depositions. Therefore, the metal ion bulk 
concentration is equal to its sulfate concentration in the electrolyte.  
At the end boundary, which represents the hydrogen ion diffusion boundary, the 
hydrogen ion concentration (mol/l) is equal to its bulk concentration determined by the 
bulk pH    
         [5-19] pHHC
−=+ 10
Once the twelve unknowns, CNi(II), CCo(II), CFe(II), CH+, COH-, θNi(I)ad, θCo(I)ad, 
θFe(I)ad, θCoNi(III)ad, θFeNi(III)ad, θFeCo(III)ad and θHad are solved at a constant working 
electrode potential, the current density of each reaction is determined. The simulation is 
repeated at different potentials to capture the partial current density behavior. The 
expressions for Ni, Co, Fe and the side reaction partial current densities during the 
NiCoFe ternary alloy deposition are  
 iNi = iNi,1 + iNi,2      [5-20] 
 iCo = iCo,1 + iCo,2 + iCoNi,1 + iCoNi,2    [5-21] 
 iFe = iFe,1 + iFe,2 + iFeNi,1 + iFeNi,2 + iFeCo,1 + iFeCo,2  [5-22] 
 iSide = iH,1 + iH,2       [5-23] 
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The current efficiency is calculated as 
 100⋅+++
++=
SideFeCoNi
FeCoNi
iiii
iiiε      [5-24] 
and the weight composition of the alloy is determined by  
 100% ⋅⋅+⋅+⋅
⋅=
FeFeCoCoNiNi
NiNi
iMiMiM
iM
Ni    [5-25]  
  100% ⋅⋅+⋅+⋅
⋅=
FeFeCoCoNiNi
CoCo
iMiMiM
iM
Co    [5-26] 
100% ⋅⋅+⋅+⋅
⋅=
FeFeCoCoNiNi
FeFe
iMiMiM
iM
Fe    [5-27] 
where MNi, MCo and MFe are the molecular weights of Ni, Co and Fe, respectively. 
5.3 Simulation of Electrolyte Concentration Effect   
 The metal partial current densities under different Fe2+ and Co2+ bulk 
concentrations at the bulk pH 3.0 during the NiCoFe ternary alloy deposition are 
simulated. The alloy rates are also compared with those from the Ni, Co and Fe single 
metal depositions to show the inhibiting and enhancement effects. The alloy 
composition, side reaction partial current density and current efficiency are also 
simulated and compared with the experimental results.  
 Fig. 5.1a and b show the simulated Fe partial current densities at different Fe2+ 
and Co2+ bulk concentrations during the NiCoFe alloy deposition, respectively. In Fig. 
5.1a, the Fe partial current density does not vary significantly at different Fe2+ bulk 
concentrations within the kinetically controlled region (from –0.70 to –0.90 V). At 
potentials more negative than –0.90 V, the Fe rate begins to approach its limiting value, 
which increases with the Fe2+ bulk concentration. In Fig. 5.1b, the Fe rate is unaffected 
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Fig. 5.1 Simulated effect of (a) Fe2+ and (b) Co2+ bulk concentrations on the Fe 
partial current density during the NiCoFe ternary alloy deposition.  
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by the Co2+ bulk concentration in the whole deposition region. The simulation results 
agree well the experimental data.  
The simulated Co partial current densities at different Co2+ and Fe2+ bulk 
concentrations during the NiCoFe alloy deposition are displayed in Fig. 5.2a and b, 
respectively. The Co partial current density increases with its bulk concentration in the 
whole simulated deposition region while it decreases with an increase of the Fe2+ bulk 
concentration in the potential range from –0.70 to –1.00 V. When the potential is more 
negative than -1.00 V, the Co partial current density is no longer affected by the Fe2+ 
bulk concentration as the Fe rate approaches its limiting value.  
Fig. 5.3a and b show the simulated Ni partial current densities at different Fe2+ 
and Co2+ bulk concentrations during the NiCoFe alloy deposition, respectively. In Fig 
5.3a, the Ni partial current density decreases with an increase of the Fe2+ bulk 
concentration in the potential range from –0.70 to –1.03 V. Similar to the Co rate, when 
the potential is more negative than -1.03 V, the simulated Ni rate is no longer affected 
by the Fe2+ bulk concentration. In Fig. 5.3b, the Ni rate decreases slightly with the Co2+ 
bulk concentration in the potential range from –0.70 to –0.95 V. When the potential is 
more negative than -0.95 V, the Co rate begins to approach its limiting value, and the Ni 
partial current density is no longer affected by the Co2+ bulk concentration.  
Fig. 5.4a, b, c show the simulated enhancement effect on the Fe partial current 
density at different Fe2+ bulk concentrations. The Fe alloy rate is enhanced compared 
with its single metal counterpart under all three Fe2+ bulk concentrations. As previously 
noted, the extent of enhancement is dependent upon the single metal deposition rate. 
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Fig. 5.2 Simulated effect of (a) Co2+ and (b) Fe2+ bulk concentrations on the Co 
partial current density during the NiCoFe ternary alloy deposition.  
 76
(a) 
0.01
0.1
1
10
100
-i N
i (
m
A
/c
m
2 )
-1.2-1.1-1.0-0.9-0.8-0.7
E vs. SCE (V)
Data Model
Ni(0.2M)Co(0.025M)Fe(0.025M)
Ni(0.2M)Co(0.025M)Fe(0.05M)
Ni(0.2M)Co(0.025M)Fe(0.1M)
 
(b) 
0.01
0.1
1
10
100
-i N
i (
m
A
/c
m
2 )
-1.2-1.1-1.0-0.9-0.8-0.7
E vs. SCE (V)
Data Model
Ni(0.2M)Co(0.1M)Fe(0.025M)
Ni(0.2M)Co(0.05M)Fe(0.025M)
Ni(0.2M)Co(0.025M)Fe(0.025M)
 
Fig. 5.3 Simulated effect of (a) Fe2+ and (b) Co2+ bulk concentrations on the Ni 
partial current density during the NiCoFe ternary alloy deposition.  
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Fig. 5.4 Simulated enhancement effect on the Fe partial current density at Fe2+ 
bulk concentration (a) 0.025M, (b) 0.05 M and (c) 0.1 M during the NiCoFe 
ternary alloy deposition. (Fig. 5.4 continued)  
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Increasing the Fe2+ bulk concentration moves the deposition of the single metal to a 
more positive potential region reducing the apparent enhancement of the alloy rate.  
Fig. 5.5a, b, c, d and e show the simulated enhancement and inhibiting effect on 
the Co partial current density at different Co2+ and Fe2+ bulk concentrations. In Fig. 5.5a 
and b, where the Co2+ bulk concentrations are 0.1 and 0.05 M respectively, a catalytic 
effect on the Co alloy rate is simulated. In contrast, when the Co2+ bulk concentration 
decreases to 0.025 M, the model simulates both inhibiting and catalytic regions of the 
Co alloy rate compared with its elemental deposition, and the inhibiting region expands 
with an increase of the Fe2+ bulk concentration (compare Fig. 5.5c, d and e).  
The simulated inhibiting effect on the Ni partial current density at different Fe2+ 
bulk concentrations is shown in Fig. 5.6a, b and c. The simulated Ni rate is inhibited 
under all three Fe2+ bulk concentrations when the potential is more positive than 
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Fig. 5.5 Simulated enhancement and inhibiting effect on the Co partial current 
density during the NiCoFe ternary alloy deposition, Fe2+ bulk concentration at 
0.025 M and Co2+ bulk concentration at (a) 0.1 M, (b) 0.05 M and (c) 0.025 M; 
Co2+ bulk concentration at 0.025 M and Fe2+ bulk concentration at (d) 0.05 M 
and (e) 0.1 M. (Fig. 5.5 continued) 
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(Fig. 5.5 continued)
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-1.05 V. In addition, the Ni rate is inhibited to a greater extent at higher Fe2+ bulk 
concentration. When the potential is more negative than –1.05 V, the Fe rate has 
reached its limiting value and the Ni alloy rate is no longer inhibited compared with its 
single metal deposition.  
  The Co and Fe alloy partial current densities result from their elemental 
deposition rates (Reactions [3] - [6]) plus an additional contribution from the proposed 
reactions of mixed metal intermediates (Reactions [7] - [12]). Deconvoluting the 
modeling parameters that best describe the experimental features can shed light on the 
magnitude of each reaction’s contribution to the alloy rate. Fig. 5.7a, b, c, d and e show 
the comparison of the simulated total Fe partial current density iFe, current density iFe,1 
from Reaction [5], current density iFeNi,1 from Reaction [9] and current density iFeCo,1 
from Reaction [11] from electrolyte Ni(0.2M)Co(0.1M)Fe(0.025M),
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Fig. 5.6 Simulated inhibiting effect on the Ni partial current density at Fe2+ 
bulk concentration (a) 0.025 M, (b) 0.05 M and (c) 0.1 M during the NiCoFe 
ternary alloy deposition.  (Fig. 5.6 continued) 
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Ni(0.2M)Co(0.05M)Fe(0.025M), Ni(0.2M)Co(0.025M)Fe(0.025M), 
Ni(0.2M)Co(0.025M)Fe(0.05M) and Ni(0.2M)Co(0.025M)Fe(0.1M), respectively. 
Before the Fe rate reaches its limiting value, iFeNi,1 and iFeCo,1 are much larger than iFe,1 
so that it is the formation of the mixed Fe intermediates (FeNi(III)ad and FeCo(III)ad) 
that causes the Fe alloy rate to be enhanced compared with its single metal deposition. 
Since the Ni(II) surface concentration is higher than that of Co(II), iFeNi,1 is larger than 
iFeCo,1 as the same reaction constants (kFeNi,1 and kFeCo,1) and inverse Tafel slopes (bFeNi,1 
and bFeCo,1) are used. When the Co rate approaches its limiting value, the Co(II) surface 
concentration decreases sharply causing iFeCo,1 to decrease. The effect of the Fe 
elemental rate (iFe,1) is appreciable only at high Fe2+ bulk concentrations (0.05 and 0.1 
M) as shown in Fig. 5.7d and e, rendering Reaction [5] being favored over Reactions [9] 
and [11] at potentials more negative than –1.10 V. This is caused by the different rate 
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Fig. 5.7 Deconvolution of the Fe partial current density during the NiCoFe 
ternary alloy deposition, Fe2+ bulk concentration at 0.025 M and Co2+ bulk 
concentration at (a) 0.1 M, (b) 0.05 M and (c) 0.025 M; Co2+ bulk concentration 
at 0.025 M and Fe2+ bulk concentration at (d) 0.05 M and (e) 0.1 M. (Fig. 5.7 
continued) 
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constants and inverse Tafel slopes used to simulate the Fe single metal deposition rate at 
different Fe2+ bulk concentrations. However, for all the alloy rates (Reactions [7] - [12]) 
and the side reaction rates (Reactions [13] - [14]), only one set of kinetic constants are 
employed. Thus, the single metal rates can be viewed as a reference point to which the 
alloy rates are compared. 
Fig. 5.8a, b, c, d and e show the simulated surface coverage of the Fe species 
from electrolyte Ni(0.2M)Co(0.1M)Fe(0.025M), Ni(0.2M)Co(0.05M)Fe(0.025M), 
Ni(0.2M)Co(0.025M)Fe(0.025M), Ni(0.2M)Co(0.025M)Fe(0.05M) and 
Ni(0.2M)Co(0.025M)Fe(0.1M), respectively. FeNi(III)ad and FeCo(III)ad are responsible 
for most of the surface adsorption by the Fe species, while the surface coverage by 
Fe(I)ad is so low (magnitude of 10-11) that it can be neglected in the calculation of the 
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Fig. 5.8 Simulated surface coverage by the Fe species during the NiCoFe 
ternary alloy deposition, Fe2+ bulk concentration at 0.025 M and Co2+ bulk 
concentration at (a) 0.1 M, (b) 0.05 M and (c) 0.025 M; Co2+ bulk concentration 
at 0.025 M and Fe2+ bulk concentration at (d) 0.05 M and (e) 0.1 M. (Fig. 5.8 
continued) 
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(Fig. 5.8 continued)
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total Fe surface coverage (θFe,total), due to the control by the first step in the mechanism 
(Reaction [5]). As the Co2+ bulk concentration increases (compare Figs. 5.8a, b and c), 
θFeCo(III)ad increases, while θFeNi(III)ad decreases, keeping the total surface coverage by Fe 
species little changed at a given potential. According to Zech et al.’s model,34 the 
surface coverage of FeNi(III)ad was roughly 1.5 times as much as that of FeCo(III)ad 
during the iron-group binary alloy codepositions at noble potentials when the Co2+ and 
Ni2+ bulk concentrations were in excess to the Fe2+ bulk concentration. Our findings 
here agree with the same qualitative coverage behavior for the ternary alloy deposition. 
As the Fe2+ bulk concentration increases (compare Figs. 5.8c, d and e), the total Fe 
surface coverage (θFe,total) increases and remains high at potentials more positive than –
0.90 V, causing the total Fe rate not to change significantly with its bulk concentration 
as shown in Fig. 5.1a. At more negative overpotentials, the Fe partial current density 
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starts to approach its limiting value, leading to the sharp decrease of its total surface 
coverage.  
Fig. 5.9a, b, c, d and e show the comparison of the simulated total Co partial 
current density iCo, current density iCo,1 from Reaction [3] and current density iCoNi,1 
from Reaction [7] from electrolyte Ni(0.2M)Co(0.025M)Fe(0.1M), 
Ni(0.2M)Co(0.025M)Fe(0.05M), Ni(0.2M)Co(0.025M)Fe(0.025M), 
Ni(0.2M)Co(0.05M)Fe(0.025M) and Ni(0.2M)Co(0.1M)Fe(0.025M), respectively. 
Within the region where the Co rate is enhanced, iCoNi,1 is much larger than iCo,1. 
Therefore, the formation of the mixed Co intermediate species (CoNi(III)ad) is 
responsible for the catalytic effect on the Co rate observed during the NiCoFe ternary 
alloy deposition. In Fig. 5.9a, b and c, where the Co2+ bulk concentration is 0.025 M, 
iCoNi,1 and iCo,1 are qualitatively similar in their behavior with the potential, both 
remaining almost horizontal as the total Co rate approaches its limiting value. However, 
when the Co2+ bulk concentration is 0.05 and 0.1 M (Fig. 5.9d and e), iCo,1 keeps 
increasing in the same potential range. Thus, the overall Co rate has not yet reached a 
completely mass transport controlled limit. Similar to the simulation of iFe,1, the 
different behavior of iCo,1 with the potential is caused by the different kinetic parameters 
used at different Co2+ bulk concentrations.   
Fig. 5.10 shows the simulated surface coverage by CoNi(III)ad at different Fe2+ 
and Co2+ bulk concentrations during the NiCoFe ternary alloy deposition. The surface 
coverage of cobalt intermediates is dominated by CoNi(III)ad, since θCo(I)ad is small, on 
the order of 10-6. The surface coverage of CoNi(III)ad increases with the Co2+ bulk 
concentration in the kinetic regime resulting in a concentration dependent rate 
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Fig. 5.9 Deconvolution of the Co partial current density during the NiCoFe 
ternary alloy deposition, Co2+ bulk concentration at 0.025 M and Fe2+ bulk 
concentration at (a) 0.1 M, (b) 0.05 M and (c) 0.025 M; Fe2+ bulk concentration 
at 0.025 M and Co2+ bulk concentration at (d) 0.05 M and (e) 0.1 M. (Fig. 5.9 
continued) 
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(Fig. 5.9 continued)
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during the ternary alloy deposition. When the Co2+ bulk concentration is relatively low 
(0.025 M), the surface coverage of CoNi(III)ad is not high enough to outweigh the 
inhibiting effect from FeNi(III)ad and FeCo(III)ad species and therefore the total Co rate 
is inhibited compared with its single metal deposition (see Fig. 5.5c, d and e). 
Furthermore, before the Fe rate reaches its limiting value, θCoNi(III)ad decreases as the 
Fe2+ bulk concentration increases, causing the total Co rate to fall as shown in Fig. 5.2b. 
In choosing the kinetic constants for the mixed metal reactions, both the binary 
and the ternary alloy deposition systems are considered. For example, kinetic constants 
that render a lower surface coverage of CoNi(III)ad (less that 10-5) can also simulate 
similar results shown in Fig. 5.1 - 5.3. However, such a low value of θCoNi(III)ad would 
cause no inhibiting effect of Co on the Ni rate during NiCo binary alloy codeposition, 
which has been observed by others.29,33-35,63,64,73 Fig. 5.11 shows the simulated Ni partial 
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Fig. 5.10 Simulated surface coverage by CoNi(III)ad at different Co2+ and Fe2+ 
bulk concentrations during the NiCoFe ternary alloy deposition.  
current density during the NiCo binary alloy codeposition from electrolyte 
Ni(0.2M)Co(0.025M) at the bulk pH of 3.0. The Ni alloy rate is inhibited compared 
with its single metal deposition when the potential is more positive than -1.0 V. Fig. 
5.12 shows the comparison of the surface coverage by CoNi(III)ad during the NiCoFe 
ternary and NiCo binary alloy depositions. The surface coverage by CoNi(III)ad 
increases significantly during the NiCo binary alloy deposition, which is responsible for 
the inhibition of the Ni rate. Therefore, although the primary aim of this model is to 
describe the NiCoFe ternary alloy deposition, the model is also a generalized one that 
can predict the qualitative deposition behavior of all the iron-group binary alloy 
combinations under similar electrolyte conditions.  
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Fig. 5.11 Simulated inhibiting effect on the Ni partial current density during 
the NiCo binary alloy deposition.  
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Fig. 5.12 Comparison of simulated surface coverage by CoNi(III)ad  
during the NiCo binary and NiCoFe ternary alloy depositions.  
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Fig. 5.13 Comparison of simulated surface coverage by Ni(I)ad  
during the Ni single metal and NiCoFe ternary alloy depositions.  
Fig. 5.13 compares the simulated surface coverage of Ni(I)ad during the Ni 
single metal and NiCoFe ternary alloy depositions. When the potential is more positive 
than –1.10 V, the surface coverage of Ni(I)ad during its single metal deposition is larger 
than that during the alloy deposition. Therefore, it is the decrease of θNi(I)ad that causes 
the Ni partial current density to be inhibited during NiCoFe ternary alloy deposition. In 
addition, θNi(I)ad decreases less with an increase of the Co2+ bulk concentration than with 
Fe2+, causing the Ni rate to be more sensitive to the Fe2+ bulk concentration during the 
ternary alloy deposition (compare Fig. 5.3a and b). When the potential is more negative 
than –1.10 V, θNi(I)ad during alloy deposition is practically the same as that during its 
single metal deposition and the Ni rate is thus no longer inhibited as shown in Fig. 5.3a. 
At –0.70 V, θNi(I)ad is relatively low so that Reaction [1] is more rate determining 
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compared with Reaction [2]. At –0.90 V, θNi(I)ad begins to increase sharply and at –1.20 
V, θNi(I)ad is as high as 0.88 suggesting Reaction [2] becomes the rate-determining step. 
A similar shift of the rate-determining step was also used by Matlosz28 to simulate the 
NiFe binary alloy codeposition.  
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Fig. 5.14 Simulated side reaction partial current densities at different Co2+ and 
Fe2+ bulk concentrations during the NiCoFe ternary alloy deposition.  
Fig. 5.14 shows the simulated side reaction current densities at different Co2+ 
and Fe2+ bulk concentrations during the ternary alloy deposition. The rate of the side 
reaction increases slowly with the potential as it reaches its limiting value causing the 
hydrogen surface adsorption, θHad, to be very low (on the order of 10-10). The simulated 
side reaction rate is influenced by the adsorption terms of the metal rates, as indicated 
by the difference in the side reaction rate at potentials more positive than –0.90 V due to 
changes in the metal ion electrolyte concentration. The side reaction rate decreases with 
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Fig. 5.15 Simulated NiCoFe ternary alloy composition (wt %) at different Co2+ 
and Fe2+ bulk concentrations during the NiCoFe ternary alloy deposition, (a) 
(a) Ni%, (b) Co%, and (c) Fe%. (Fig. 5.15 continued) 
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the increase of the Co2+ and Fe2+ bulk concentrations and is unaffected at more negative 
potentials as the Co and Fe rates reach their limiting values. 
The simulated alloy composition at different Co2+ and Fe2+ bulk concentrations 
is shown in Fig. 5.15a, b and c. The simulated Ni content decreases with both the 
increase of the Fe2+ and Co2+ bulk concentrations, so that the deposit from electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M) has the highest Ni composition as shown in Fig. 
5.15a. The simulated Co composition increases with the Co2+ bulk concentration and 
decreases with the Fe2+ bulk concentration as shown in Fig. 5.16b. In contrast, the 
simulated Fe content increases with the Fe2+ bulk concentration and decreases with the 
Co2+ bulk concentration as shown in Fig. 5.15c. The simulation results agree well the 
experimental data except that the Fe content is slightly overestimated at higher Fe2+ 
bulk concentrations (0.05 and 0.1M).  
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Fig. 5.16 Simulated current efficiency at different Co2+ and Fe2+ bulk 
concentrations during the NiCoFe ternary alloy deposition. 
 
 
Fig. 5.16 shows the simulated current efficiency at different Co2+ and Fe2+ bulk 
concentrations during the NiCoFe ternary alloy deposition. The electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M) has the lowest current efficiency since it has the 
highest the side reaction rate as shown in Fig. 5.15.  
5.4 Simulation of Bulk pH Effect 
The non-hydroxide model does not include a specific dependence of the metal 
reaction rates on the H+ or OH- concentration. In addition, the surface coverage by the 
hydrogen atoms is assumed low and has little influence on the available surface sites for 
the metal deposition reactions. Therefore, this model could not simulate different metal 
partial current densities at different bulk pHs. However, different side reaction rates can 
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Fig. 5.17 Simulated side reaction partial current densities at different bulk pHs 
during the NiCoFe ternary alloy deposition.  
 
be simulated as shown in Fig. 5.17 as the hydrogen ion reduction is assumed to be 
dominant. The simulation results agree well with the experimental data at the bulk pH 
2.5 and 3.0. The model does not include the water reduction, which rises significantly at 
the bulk pH 3.5, causing the simulated side reaction rate to be underestimated.  
Fig. 5.18 shows the simulated alloy composition at different bulk pHs during the 
NiCoFe ternary alloy deposition. The simulated Ni content decreases with bulk pH 
when the total current density is more positive than -10 mA/cm2, while at current 
densities more negative than -25 mA/cm2 it increases with bulk pH. In contrast, the Fe 
content behaves in an opposite way. The simulated Co content decreases with bulk pH 
when the total current density is more positive than -10 mA/cm2, remains relatively
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Fig. 5.18 Simulated NiCoFe ternary alloy composition (wt %) at different bulk 
pHs during the NiCoFe ternary alloy deposition, (a) Ni%, (b) Co%, and (c) 
Fe%. (Fig. 5.18 continued) 
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unchanged between -20 mA/cm2 and -35 mA/cm2, and decreases with bulk pH again at 
more negative current densities. 
Fig. 5.19 shows the simulated current efficiency at different bulk pHs during the 
NiCoFe ternary alloy deposition. While the simulation results agree fairly well with the 
experimental data at the bulk pH 2.5 and 3.0, the model overestimates the current 
efficiency at the bulk pH 3.5 due to the underestimated side reaction rate as shown in 
Fig. 5.17.  
5.5 Summary  
A non-hydroxide model is developed for the NiCoFe ternary alloy deposition, 
which captures the essential features of the anomalous deposition behavior. In addition 
to the single metal adsorbed species (Ni(I)ad, Fe(I)ad and Co(I)ad), mixed metal 
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Fig. 5.19 Simulated current efficiency at different bulk pHs  
during the NiCoFe ternary alloy deposition.  
 
intermediate species FeNi(III)ad, FeCo(III)ad and CoNi(III)ad are assumed to form at the 
electrode surface. The mixed metal reactions are responsible for the simulated 
enhancement of the Fe and Co rates. The high surface coverage of FeNi(III)ad and 
FeCo(III)ad contributes to the inhibition of the Ni and Co rates. It is also consistent with 
an irreversible, two-step reaction mechanism, where the Fe alloy rate is insensitive to 
changes of the Fe2+ and Co2+ bulk concentrations. The surface coverage of CoNi(III)ad 
is taken to be an intermediate value allowing for the Co rate to be a function of the Co2+ 
bulk concentration, but also imparting an inhibiting effect upon Ni, particularly during 
the NiCo binary alloy codeposition. The Ni(I)ad surface coverage varies greatly with 
potential. It is relatively low at noble potentials and increases dramatically as the Fe and 
Co rates approach their limiting values, leading to a shift of its rate-determining step. 
 105
 106
While this non-hydroxide model cannot predict different metal partial current densities 
at different bulk pHs, the simulated side reaction rate, alloy composition and current 
efficiency agree well with the experimental data at the bulk pH 2.5 and 3.0.  
CHAPTER 6. HYDROXIDE MODEL 
In this chapter a hydroxide model is developed to simulate the NiCoFe ternary 
alloy deposition. The model assumes the metal hydroxides are the main reacting species 
during the Ni, Co and Fe single metal and NiCoFe ternary alloy depositions, thus 
referred as a hydroxide model. Metal depositions are treated in a two-step manner and 
mixed metal hydroxide intermediate species are formed and adsorb on the electrode 
surface, similar to the non-hydroxide model. The chemical equilibria of metal sulfates, 
bisulfate, metal hydroxides and boric acid are added to the model presented in this 
chapter. The effect of the electrolyte concentration and bulk pH is simulated and 
compared with the experimental results.  
6.1 Chemical Equilibria  
 The chemical equilibria and corresponding equilibrium constants of metal 
sulfates, bisulfate, metal hydroxides, boric acid and water during the NiCoFe ternary 
alloy deposition is shown in Table 6.1. The total concentrations of Ni, Co, Fe, H3BO3, 
and Na (CNi,total, CCo,total, CFe,total, CB,total and CNa,total) are known and the bulk 
concentration of H+ (CbH+) is controlled by the bulk pH. The bulk concentrations of 
Ni2+, Co2+, Fe2+, NiSO4, CoSO4, FeSO4, Na+, SO42-, NaSO4-, HSO4-, NiOH+, CoOH+, 
FeOH+, H3BO3, B(OH)4-, B3O3(OH)4- and OH- (CbNi2+, CbCo2+, CbFe2+, CbNiSO4, CbCoSO4, 
CbFeSO4, CbNa+, CbSO42-, CbNaSO4-, CbHSO4-, CbNiOH+, CbCoOH+, CbFeOH+, CbH3BO3, CbB(OH)4-, 
CbB3O3(OH)4-, CbOH-) are calculated by solving Equations [6-1] - [6-17] simultaneously.  
 CNi,total  =  CbNi2+  +  CbNiSO4  +  CbNiOH+    [6-1] 
 CCo,total  =  CbCo2+  +  CbCoSO4  +  CbCoOH+    [6-2] 
 CFe,total  =  CbFe2+  +  CbFeSO4  +  CbFeOH+    [6-3] 
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 CB,total  =  CbH3BO3  +  CbB(OH)4-  +  1/3·CbB3O3(OH)4-  [6-4] 
 CNa,total  =  CbNa+  +  CbNaSO4-      [6-5] 
 CNi,total  +  CCo,total   +  CFe,total   +  1/2·CNa,total  =  CbNiSO4   
+  CbCoSO4  +  CbFeSO4  +  CbSO42-  +  CbHSO4-  + CbNaSO4-  [6-6] 
 KNiSO4  =  CbNi2+ · CbSO42- / CbNiSO4    [6-7] 
 KCoSO4  =  CbCo2+ · CbSO42- / CbCoSO4    [6-8] 
 KFeSO4  =  CbFe2+ · CbSO42- / CbFeSO4    [6-9] 
KNaSO4-  =  CbNa+ · CbSO42- / CbNaSO4-    [6-10] 
 KHSO4-  =  CbH+ · CbSO42- / CbHSO4-    [6-11] 
 KNiOH+  =  CbNi2+ · CbOH- / CbNiOH+    [6-12] 
 KCoOH+  =  CbCo2+ · CbOH- / CbCoOH+    [6-13] 
 KFeOH+  =  CbFe2+ · CbOH- / CbFeOH+    [6-14] 
 KH3BO3,1  =  CbB(OH)4- · CbH+ / CbH3BO3    [6-15] 
 KH3BO3,2  =  CbB3O3(OH)4- · CbH+ / (CbH3BO3)3   [6-16] 
 KH2O  =  CbOH- · CbH+      [6-17] 
Equations [1] - [6] govern the material balances of Ni, Co, Fe, B, Na and S, 
respectively. Equations [7] - [17] govern the chemical equilibria, where K is the 
equilibrium constant tabulated in Table 6.1. The seventeen unknowns are determined by 
using the Solver tool in Microsoft Excel. These bulk concentrations are then used as the 
boundary condition supplied in the bulk for the hydroxide model. 
 6.2 Reaction Mechanism   
Table 6.2 lists the reduction reactions assumed in the hydroxide model. Reaction 
[7] - [12] are additions to the non-hydroxide model, for the Ni, Co and Fe single metal
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Table 6.1 Chemical equilibria and equilibrium constants 
 
Chemical equilibria Equilibrium constants84,96-98 (-logK) 
NiSO4 ↔ Ni2+ + SO42- 2.34 
CoSO4 ↔ Co2+ + SO42- 2.34 
FeSO4 ↔ Fe2+ + SO42- 2.2 
NaSO4- ↔ Na+ + SO42- 0.7 
HSO4- ↔ H+ + SO42- 1.99 
NiOH+ ↔ Ni2+ + OH- 4.1 
CoOH+ ↔ Co2+ + OH- 4.3 
FeOH+ ↔ Fe2+ + OH- 4.7 
H3BO3 + H2O ↔ B(OH)4- + H+ 9.236 
3 H3BO3 ↔ B3O3(OH)4- + H+ + 2H2O 7.03 
H2O ↔ H+ + OH- 14 
 
depositions. The mixed metal intermediate species in Reactions [13] - [18] during the 
NiCoFe ternary alloy depositions are assumed to proceed as hydroxide intermediates. 
The reduction of water is added as the second side reaction in addition to the hydrogen 
ion reduction. Current densities corresponding to these reactions are expressed by Tafel 
approximations as shown in Table 6.3, and kinetic parameters (rate constants and 
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inverse Tafel slopes) used in the reaction current density equations are listed in Table 
6.4.     
Table 6.2 Reduction reactions during the NiCoFe ternary alloy deposition 
in the hydroxide model 
 
 Reactions 
1 Ni2+ + e → Ni+ad 
2 Ni+ + e → Ni 
3 Co2+ + e → Co+ad 
4 Co+ad + e → Co 
5 Fe2+ + e → Fe+ad 
6 Fe+ad + e → Fe 
7 NiOH+ + e → NiOHad 
8 NiOHad + e → Ni + OH- 
9 CoOH+ + e → CoOHad 
10 CoOHad + e → Co + OH- 
11 FeOH+ + e → FeOHad 
12 FeOHad + e → Fe + OH- 
13 CoOH+ + NiOH+ + e → CoNi(OH)2+ad 
14 CoNi(OH)2+ad  + e → Co + NiOH+ + OH- 
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Table 6.2 continued 
15 FeOH+ + NiOH+ + e → FeNi(OH)2+ad 
16 FeNi(OH)2+ad  + e → Fe + NiOH+ + OH- 
17 FeOH+ + CoOH+ + e → FeCo(OH)2+ad 
18 FeCo(OH)2+ad  + e → Fe + CoOH+ + OH- 
19 H+  + e → Had 
20 Had + H+ + e → H2↑ 
21 2H2O + 2e → H2↑ + 2OH- 
  
Table 6.3 Partial current density kinetic rate expressions 
Reactions Equations 
1 iNi,1 = -F kNi,1 θe CNi2+ exp(-bNi,1E) 
2 iNi,2 = -F kNi,2 θNi+ exp(-bNi,2E) 
3 iCo,1 = -F kCo,1 θe CCo2+ exp(-bCo,1E) 
4 iCo,2 = -F kCo,2 θCo+ exp(-bCo,2E) 
5 iFe,1 = -F kFe,1 θe CFe2+ exp(-bFe,1E) 
6 iFe,2 = -F kFe,2 θFe+ exp(-bFe,2E) 
7 iNiOH+,1 = -F kNiOH+,1 θe CNiOH+ exp(-bNiOH,1E) 
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Table 6.3 continued 
8 iNiOH+,2 = -F kNiOH+,2 θNiOH exp(-bNiOH,2E) 
9 iCoOH+,1 = -F kCoOH+,1 θe CCoOH+ exp(-bCoOH,1E) 
10 iCoOH+,2 = -F kCoOH+,2 θCoOH exp(-bCoOH,2E) 
11 iFeOH+,1 = -F kFeOH+,1 θe CFeOH+ exp(-bFeOH,1E) 
12 iFeOH+,2 = -F kFeOH+,2 θFeOH exp(-bFeOH,2E) 
13 iCoNi,1 =  -F kCoNi,1 θe2 CCoOH+ CNiOH+ exp(-bCoNi,1E) 
14 iCoNi,2 = -F kCoNi,2 θCoNi(OH)2+ exp(-bCoNi,2E) 
15 iFeNi,1 =  -F kFeNi,1 θe2 CFeOH+ CNiOH+ exp(-bFeNi,1E) 
16 iFeNi,2 = -F kFeNi,2 θFeNi(OH)2+ exp(-bFeNi,2E) 
17 iFeCo,1 =  -F kFeCo,1 θe2 CFeOH+ CCoOH+ exp(-bFeCo,1E) 
18 iFeCo,2 = -F kFeCo,2 θFeCo(OH)2+ exp(-bFeCo,2E) 
19 iH,1 = -F kH,1 θe CH+ exp(-bH,1E) 
20 iH,2 = -F kH,2 θH CH+ exp(-bH,2E) 
21 iH2O = -F kH2O exp(-bH2O E) 
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Table 6.4 Kinetic parameters 
Reactions Rate constants Inverse Tafel slopes (V-1) 
1 kNi,1 = 2·10-20 cm·s-1 bNi,1 = 18 
2 kNi,2 = 5·10-17 mol·cm-2·s-1 bNi,2 = 9 
3 kCo,1 = 2.·10-10 cm·s-1 bCo,1 = 10 
4 kCo,2 = 2·10-10 mol·cm-2·s-1 bCo,2 = 10 
5 kFe,1 = 1·10-30 cm·s-1 bFe,1 = 45 
6 kFe,2 = 1·10-25 mol·cm-2·s-1 bFe,2 = 45 
7 kNiOH+,1 = 3·10-3 cm·s-1 bNiOH+,1 = 18 
8 kNiOH+,2 = 5·10-12 mol·cm-2·s-1 bNiOH+,2 = 9 
KCoOH+,1 = 1.5·105 cm·s-1 # bCoOH+,1 = -6 # 
9 
kCoOH+,1 = 1·102 cm·s-1  ## bCoOH+,1 = 1 ## 
kCoOH+,2 = 1.5·105 mol·cm-2·s-1 # bCoOH+,2 = -6 # 
10 
kCoOH+,2 = 1·102 mol·cm-2·s-1 ## bCoOH+,2 = 1 ## 
kFeOH+,1 = 2.4·10-21 cm·s-1 * bFeOH+,1 = 45 
kFeOH+,1 = 2.4·10-18 cm·s-1 ** bFeOH+,1 = 45 11 
kFeOH+,1 = 1.3·10-17 cm·s-1 *** bFeOH+,1 = 45 
kFeOH+,2 = 2.4·10-21 mol·cm-2·s-1 * bFeOH+,2 = 45 
12 
kFeOH+,2 = 2.4·10-18 mol·cm-2·s-1 ** bFeOH+,2 = 45 
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Table 6.4 continued 
12 kFeOH+,2 = 1.3·10-17 mol·cm-2·s-1 *** bFeOH+,2 = 45 
13 kCoNi,1 = 4·10-9 cm4·mol-1·s-1 bCoNi,1 = 22 
14 kCoNi,2 = 7·10-16 mol·cm-2·s-1 bCoNi,2 = 22 
15 kFeNi,1 = 8·106 cm4·mol-1·s-1 bFeNi,1 = 28 
16 kFeNi,2 = 4·10-19 mol·cm-2·s-1 bFeNi,2 = 28 
17 kFeCo,1 = 8·10-6 cm4·mol-1·s-1 bFeCo,1 = 28 
18 kFeCo,2 = 4·10-19 mol·cm-2·s-1 bFeCo,2 = 28 
19 kH,1 = 2·10-7 cm·s-1 bH,1 = 18 
20 kH,2 = 4 cm·s-1 bH,2 = 18 
21 kH2O = 1·10-15 mol·cm-2·s-1 bH2O = 16 
 
(# Electrolytes in which the Co2+ bulk concentration is 0.025 M 
## Electrolytes in which the Co2+ bulk concentration is 0.05 M or 0.1M 
* Electrolytes in which the Fe2+ bulk concentration is 0.025 M 
** Electrolytes in which the Fe2+ bulk concentration is 0.05 M 
*** Electrolytes in which the Fe2+ bulk concentration is 0.1 M) 
The rate constants and inverse Tafel slopes of Reactions [7] - [12] shown in 
Table 6.4 are determined from a fit of the Ni, Co and Fe single metal depositions. The 
kinetic parameters of Reactions [1] - [6] are chosen so that their rates are orders of 
magnitude less than those from Reactions [7] - [12], rendering the metal hydroxides the 
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main reacting species during the elemental depositions. As a consequence, it is not 
necessary to include the reduction of NiSO4, CoSO4 and FeSO4 in the hydroxide model. 
Reactions [10] and [12] are fast compared with Reactions [9] and [11] so that the Co 
and Fe rates are sensitive to changes of their bulk concentrations, resulting in low 
surface coverage by CoOHad and FeOHad. Similar to the non-hydroxide model, different 
rate constants and inverse Tafel slopes are used in order to simulate the Co and Fe 
single metal rates at different Co2+ and Fe2+ bulk concentrations. The kinetic parameters 
of the Ni partial current density are selected to favor Reaction [8] at low overpotentials 
and Reaction [7] at high overpotentials.  
The rate constants and inverse Tafel slopes of Reactions [13] - [21] are 
determined from the NiCoFe ternary alloy deposition. The kinetic constants are chosen 
to render similar surface coverage by the Fe and Co species to the non-hydroxide 
model. For example, the Fe species have high surface coverage before the Fe alloy rate 
approaches its limiting value, which are FeNi(OH)2+ad and FeCo(OH)2+ad compared 
with FeNi(III)ad and FeCo(III)ad in the non-hydroxide model. It is also assumed that 
NiOH+ and CoOH+ have the same catalytic ability for the Fe alloy rate so that the 
kinetic parameters of Reactions [15] and [16] are the same as those of Reactions [17] 
and [18], respectively. Similar to the non-hydroxide model, the surface coverage by 
hydrogen atoms is assumed to be low while the kinetic parameters of Reaction [21] are 
chosen so that the water reduction becomes important when the potential is more 
negative than -1.10 V. 
 
 
 115
6.3 Diffusion Layer and Boundary Conditions 
Similar to the non-hydroxide model, there is an internal boundary in the 
hydrogen ion diffusion layer in the hydroxide model, which is the metal ions' diffusion 
boundary. However, the hydrogen ion diffusion layer is thinner in the hydroxide model 
as a smaller hydrogen ion diffusion coefficient (9.3·10-5 cm2/s) is used due to the 
buffering effect from the bisulfate ions compared with the non-hydroxide model 
(7.3·10-4 cm2/s). The same hydrogen ion diffusion coefficient has been used in the study 
of the iron-group binary alloy codeposition from sulfate electrolytes.27,34 The diffusion 
coefficients of Ni2+, Co2+ and Fe2+ are assumed to be the same as those of Ni(II), Co(II) 
and Fe(II) in the non-hydroxide model (2.56·10-6 cm2/s). In addition, soluble metal 
sulfates (NiSO4, CoSO4 and FeSO4) and metal hydroxides (NiOH+, CoOH+, and 
FeOH+) are assumed to have the same diffusion coefficients as those of Ni2+, Co2+ and 
Fe2+, similar to the treated by Zech and Landolt,94 Grande and Talbot,27 and Hessami 
and Tobias.25 The diffusion coefficients of HSO4-, SO42- and Na+ are 1.33·10-5, 
1.065·10-5 and 1.334·10-5 cm2/s, respectively.99 Similar to Zech and Landolt,94 H3BO3, 
B(OH)4- and B3O3(OH)4- are assumed to have the same diffusion coefficient (1·10-5 
cm2/s), and the diffusion coefficient of NaSO4- is assumed to be the same as Na+. The 
diffusion coefficient of OH- remains unchanged in the hydroxide model (5.5·10-5 cm2/s).  
At the cathode surface, the fluxes of Ni, Co, Fe and H species are related to the 
corresponding reduction rates as follows,  
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The material balances of Na, B and S species require  
 ]226[04
4
−=⋅+⋅ −−++ dx
dC
D
dx
dC
D NaSO
NaSO
Na
Na
 
]236[03 4)(33
433
4
4
33
33
)(
)(
)(
−=⋅⋅+
⋅+⋅
−
−
−
−
dx
dC
N
dx
dC
D
dx
dC
D
OHOB
OHOB
OHB
OHB
BOH
BOH
 
]246[04
4
4
4
4
4
4
4
4
4
2
4
2
4
−=⋅+⋅+
⋅+⋅+⋅+⋅
−
−
−
−
−
−
dx
dC
D
dx
dC
D
dx
dC
D
dx
dC
D
dx
dC
D
dx
dC
D
HSO
HSO
NaSO
NaSO
FeSO
FeSO
CoSO
CoSO
NiSO
NiSO
SO
SO
 
 117
At steady state the current densities from Reactions [1], [3], [5], [7], [9], [11], 
[13], [15], [17] and [19] equal those from Reactions [2], [4], [6], [8], [10], [12], [14], 
[16], [18] and [20] shown in Table 6.2, respectively.  
The chemical equilibria of metal sulfates, bisulfate, metal hydroxides, boric acid 
and water require    
 KNiSO4  =  CNi2+ · CSO42- / CNiSO4     [6-25] 
 KCoSO4  =  CCo2+ · CSO42- / CCoSO4     [6-26] 
 KFeSO4  =  CFe2+ · CSO42- / CFeSO4     [6-27] 
KNaSO4-  =  CNa+ · CSO42- / CNaSO4-     [6-28] 
 KHSO4-  =  CH+ · CSO42- / CHSO4-     [6-29] 
 KNiOH+  =  CNi2+ · COH- / CNiOH+     [6-30] 
 KCoOH+  =  CCo2+ · COH- / CCoOH+     [6-31] 
 KFeOH+  =  CFe2+ · COH- / CFeOH+     [6-32] 
 KH3BO3,1  =  CB(OH)4- · CH+ / CH3BO3     [6-33] 
 KH3BO3,2  =  CB3O3(OH)4- · CH+ / (CH3BO3)3    [6-34] 
 KH2O  =  COH- · CH+       [6-35] 
 Equations [6-25] - [6-35] are the same expressions as Equations [6- 7] - [6- 17], 
but valid for any region near the electrode surface, not just the bulk. 
  In the metal ion diffusion layer, the material balances of Ni, Co, Fe, H, Na, B, 
and S species at steady state require 
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At the internal boundary, a continuity equation is required as   
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where M represents Ni2+, Co2+, Fe2+, H3BO3, SO42-, Na+ and H+. 
Between the internal boundary and the end boundary, the metal ion 
concentration is equal to its bulk concentration as  
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 ]446[ −= bMM CC  
where M represents Ni2+, Co2+ and Fe2+.  
At the end boundary (the hydrogen ion diffusion boundary), the hydrogen ion 
concentration is equal to its bulk concentration determined by the bulk pH governed by 
Equation [5-19].    
By solving the twenty eight unknown variables, CNi2+, CCo2+, CFe2+, CNiOH+, 
CCoOH+, CFeOH+, CNiSO4, CCoSO4, CFeSO4, CHSO4-, CNaSO4-, CSO42-, CNa+, CH3BO3, CB(OH)4-, 
CB3O3(OH)4-, COH-, CH+, θNi+, θCo+, θFe+, θNiOH, θCoOH, θFeOH, θCoNi(OH)2+, θFeNi(OH)2+, 
θFeCo(OH)2+ and θH, at a constant working electrode potential, the current densities of 
Reactions [1] - [21] are determined. The expressions for the Ni, Co, Fe and the side 
reaction partial current densities during the NiCoFe ternary alloy deposition are  
iNi = iNi,1 + iNi,2 + iNiOH+,1 + iNiOH+,2      [6-45] 
iCo = iCo,1 + iCo,2 + iCoOH+,1 + iCoOH+,2 + iCoNi,1 + iCoNi,2   [6-46] 
iFe = iFe,1 + iFe,2 +  iFeOH+,1 + iFeOH+,2 + iFeNi,1 + iFeNi,2 + iFeCo,1 + iFeCo,2 [6-47] 
iSide = iH,1 + iH,2 + iH2O       [6-48] 
The current efficiency and the weight composition of the alloy are calculated by 
Equations [5-24] - [5-27] in the same way as the non-hydroxide model. 
6.4 Simulation of Electrolyte Concentration Effect   
Fig. 6.1, 6.2 and 6.3 show the simulated Fe, Co and Ni partial current densities 
at different Fe2+ and Co2+ bulk concentrations (bulk pH 3.0) during the NiCoFe alloy 
deposition, respectively. In Fig. 6.1, the Fe partial current density does not vary 
significantly at different Fe2+ bulk concentrations within the kinetically controlled 
region and is independent of the Co2+ bulk concentration in the whole simulated 
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Fig. 6.1 Simulated effect of (a) Fe2+ and (b) Co2+ bulk concentrations on the Fe 
partial current density during the NiCoFe ternary alloy deposition.  
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Fig. 6.2 Simulated effect of (a) Co2+ and (b) Fe2+ bulk concentrations on the Co 
partial current density during the NiCoFe ternary alloy deposition.  
 122
(a) 
0.01
0.1
1
10
100
-i N
i (
m
A
/c
m
2 )
-1.2-1.1-1.0-0.9-0.8-0.7
E vs. SCE (V)
 Data Model
Ni(0.2M)Co(0.025M)Fe(0.025M)
Ni(0.2M)Co(0.025M)Fe(0.05M)
Ni(0.2M)Co(0.025M)Fe(0.1M)
 
(b) 
0.01
0.1
1
10
100
-i N
i (
m
A
/c
m
2 )
-1.2-1.1-1.0-0.9-0.8-0.7
E vs. SCE (V)
 Data Model
Ni(0.2M)Co(0.025M)Fe(0.025M)
Ni(0.2M)Co(0.05M)Fe(0.025M)
Ni(0.2M)Co(0.1M)Fe(0.025M)
 
Fig. 6.3 Simulated effect of (a) Fe2+ and (b) Co2+ bulk concentrations on the Ni 
partial current density during the NiCoFe ternary alloy deposition.  
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Fig. 6.4 Simulated surface coverage by (a) Fe, (b) Co and (c) Ni species at 
different Fe2+ and Co2+ bulk concentrations during the NiCoFe ternary alloy 
deposition. (Fig. 6.4 continued) 
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deposition region. The Co partial current density increases with its bulk concentration 
and decreases with an increase of the Fe2+ bulk concentration before the Fe rate reaches 
its limiting value as shown in Fig 6.2a and b. In contrast, the simulated Ni rate also 
decreases with the Fe2+ bulk concentration and decreases slightly with the Co2+ bulk 
concentration as shown in Fig. 6.3a and b. Compared with the non-hydroxide model, 
the hydroxide model predicts similar effect of the electrolyte concentration on the metal 
partial current densities during the alloy deposition.  
Fig. 6.4a, b and c show the simulated surface coverage by the Fe, Co and Ni 
species at different Co2+ and Fe2+ bulk concentrations during the NiCoFe ternary alloy 
deposition, respectively. The simulated surface coverages by the Fe species 
(FeNi(OH)2+ad and FeCo(OH)2+ad), Co species (CoNi(OH)2+ad) and Ni species (NiOHad) 
in the hydroxide model are similar to those of FeNi(III)ad and FeCo(III)ad, CoNi(III)ad 
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and Ni(I)ad in the non-hydroxide model, respectively, which is responsible for the 
similar metal partial current densities simulated during alloy deposition.  
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Fig. 6.5 Simulated side reaction partial current densities at different Co2+ and 
Fe2+ bulk concentrations during the NiCoFe ternary alloy deposition.  
Fig. 6.5 shows the simulated side reactions partial current densities at different 
Co2+ and Fe2+ bulk concentrations during the NiCoFe ternary alloy deposition. Similar 
to the non-hydroxide model, simulated side reactions rate decreases slightly with the 
increase of the Co2+ and Fe2+ bulk concentrations at potentials more positive than –0.90 
V. At potentials more negative than -0.90 V, the side reactions rate remains relatively 
flat and is not affected by the metal ion bulk concentration. The literature value of 
hydrogen ion diffusion coefficient is used in the hydroxide model,27,34 resulting in a 
slightly underestimated side reaction rates compared with the experimental data.  
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Fig. 6.6 Simulated deconvolution of the side reaction partial current density 
from electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M) at the bulk pH 3.0.  
There are two side reactions in the hydroxide model: one is the hydrogen ion 
reduction (Reactions [19] and [20]) and the other is the water reduction (Reaction [21]). 
Fig. 6.6 shows the simulated deconvolution of the side reaction rate from electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M) at the bulk pH 3.0. When the potential is more 
positive than -1.0 V, the hydrogen ion reduction (iH+) accounts for most of the total side 
reaction rate (iSide), which is approaching its limiting value resulting in low hydrogen 
adsorption (θH). The hydrogen adsorption is further reduced with the increase of the 
Co2+ and Fe2+ bulk concentrations, causing the hydrogen ion reduction and the total side 
reaction rates to decrease in this region as shown in Fig. 6.5. At potentials more 
negative than -1.0 V, the hydrogen ion reduction begins to decrease while the water 
reduction rate increases steadily. When the potential is more negative than -1.08 V, the 
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hydrogen ion reduction decreases dramatically while the water reduction becomes the 
dominant side reaction. 
Utilizing Equation [5-8] provided by Eisenberg et al.92 for rotating cylinder 
electrodes with a kinematic viscosity of 0.01 cm2/s and a diffusion coefficient of 
9.3×10-5 cm2/s, the limiting current density of the hydrogen ion reduction at the rotation 
rate 2000 rpm is –2.45 mA/cm2 predicted by the non-hydroxide model for electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M) at the bulk pH 3.0. This calculated limiting rate is 
smaller than the experimental value (–8 mA/cm2). In the non-hydroxide model, the 
discrepancy was accounted for by arbitrarily altering the diffusion coefficient of the 
proton. The addition of the bisulfate and boric acid equilibria in the hydroxide model, 
however, more realistically account for the perceived discrepancy. The Eisenburg 
equation does not include the additional H+ flux from chemical reactions and thus the 
hydroxide model, using the literature value of the H+ diffusion coefficient, describes the 
resulting side reaction rate better than the non-hydroxide model, without a “fitted” DH+.  
Fig. 6.7 shows that the simulated side reaction rate is same with and without the 
boric acid in electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M) at the bulk pH 3.0. On the 
other hand, the bisulfate equilibrium has a strong influence on the side reaction rate. 
This is illustrated by comparing the simulated side reaction rate at the normal bisulfate 
equilibrium constant (-1.99) with that at a lower value (-2.5) as shown in Fig. 6.8. By 
decreasing the equilibrium constant, simulating a weaker acid, more bisulfate ions are 
formed in the electrolyte, which provide more protons as the alloy deposition progresses 
resulting in higher hydrogen ion reduction rate and thus higher total side reaction rate. 
Therefore, it is the bisulfate ions that produce extra hydrogen ions and act as a buffer 
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Fig. 6.7 Comparison of simulated side reaction rate with and without boric acid
in electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M) at the bulk pH 3.0. 
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Fig. 6.8 Comparison of simulated side reaction rate at normal and lower 
bisulfate equilibrium constants from electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M) at the bulk pH 3.0. 
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during the NiCoFe ternary alloy deposition. These results are consistent with Zech and 
Landolt's94 study of NiFe binary alloy codeposition from sulfate electrolytes.  
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Fig. 6.9 Simulated surface pH at different Co2+ and Fe2+ bulk concentrations 
during the NiCoFe ternary alloy deposition at the bulk pH 3.0. 
 Fig. 6.9 shows the simulated surface pH at different Co2+ and Fe2+ bulk 
concentrations during the NiCoFe ternary alloy deposition at the bulk pH 3.0. The 
surface pH decreases slightly with the increase of the Co2+ and Fe2+ bulk concentrations 
when the potential is more positive than -1.03 V. The simulated surface pH increases 
with the applied potential and rises dramatically from 4.5 at -1.10 V to 5.4 at -1.13 V. 
Correspondingly, the hydrogen ion surface concentration and its reduction rate decrease 
sharply while the water reduction becomes the dominant side reaction (see Fig. 6.6). 
The simulated surface pH is 0.1 - 2.4 units higher than the bulk value, which is in a 
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Fig. 6.10 Simulated NiCoFe ternary alloy composition (wt %) at different Co2+ 
and Fe2+ bulk concentrations during the NiCoFe ternary alloy deposition, (a) 
Ni%, (b) Co%, and (c) Fe%. (Fig. 6.10 continued) 
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similar range reported by Deligianni and Romankiw55 during the NiFe binary alloy 
codeposition from chloride electrolytes.  
The simulated alloy composition at different Co2+ and Fe2+ bulk concentrations 
is shown in Fig. 6.10a, b and c. The simulated Ni content decreases with both the 
increase of the Fe2+ and Co2+ bulk concentrations. The simulated Co content increases 
with the Co2+ bulk concentration and decreases with the Fe2+ bulk concentration, while 
the simulated Fe content increases with the Fe2+ bulk concentration and decreases with 
the Co2+ bulk concentration. The simulation results agree well the experimental data.  
Fig. 6.11 shows the simulated current efficiency at different Co2+ and Fe2+ bulk 
concentrations during the NiCoFe ternary alloy deposition. The current efficiency is 
slightly overestimated compared with the experimental data since the side reaction rate 
is slightly underestimated in the hydroxide model.  
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Fig. 6.11 Simulated current efficiency at different Co2+ and Fe2+ bulk 
concentrations during the NiCoFe ternary alloy deposition.  
6.5 Simulation of Bulk pH Effect 
Unlike the non-hydroxide model, the hydroxide model assumes metal 
hydroxides are the main reacting species, whose concentrations are affected by the bulk 
pH. Fig. 6.12a, b and c show the simulated Fe(OH)+, Co(OH)+ and Ni(OH)+ surface 
concentrations, respectively, at the bulk pH 2.5 and 3.0 from electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M). Simulation at the bulk pH 3.5 is not successful 
because of the low hydrogen ion bulk concentration. The Fe(OH)+, Co(OH)+ and 
Ni(OH)+ surface concentrations at the bulk pH 3.0 are higher than those at pH 2.5 as 
expected. In Fig 6.12a, the simulated Fe(OH)+ surface concentration increases in a 
potential range from -0.70 V to -0.90 V. As the surface pH increases (see Fig. 6.9), the 
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Fig. 6.12 Simulated (a) Fe(OH)+, (b) Co(OH)+ and (c) Ni(OH)+ surface 
concentrations at bulk pH 2.5 and 3.0 from electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M). (Fig. 6.12 continued) 
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hydrogen ion surface concentration decreases while that of hydroxyl ion increases, 
causing the increase of the Fe(OH)+ surface concentration. When the potential is more 
negative than -0.90 V, the Fe partial current density begins to be controlled by its mass 
transport. This results in a sharp decrease of the Fe2+ surface concentration, which 
outweighs the increase of the surface pH, causing the Fe(OH)+ surface concentration to 
decrease with the potential. When the potential is more negative than -1.10 V at the 
bulk pH 3.0 and -1.16 V at the bulk pH 2.5, the surface pH increases dramatically, 
which outweighs the decrease of the Fe2+ surface concentration, thus causing the 
Fe(OH)+ surface concentration to increase again with the applied potential. In Fig. 
6.12b, a flat region is observed for the Co(OH)+ surface concentration, which is due to 
the Co2+ mass transport effect, while in Fig. 6.12c, the Ni(OH)+ surface concentration 
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Fig. 6.13 Simulated (a) Fe, (b) Co and (c) Ni partial current densities at bulk 
pH 2.5 and 3.0 from electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M). (Fig. 6.13 
continued) 
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increases with the potential in the whole simulated deposition region, suggesting its 
deposition is largely kinetically controlled.   
Fig. 6.13a, b and c show the comparison of simulated Fe, Co and Ni partial 
current densities, respectively, at the bulk pH 2.5 and 3.0 from electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M. The simulated Fe, Co and Ni rates increases slightly 
at the bulk pH 3.0 compared with those at the bulk pH 2.5 when the potential is more 
positive than -0.90 V. At more negative potentials, the simulated Fe, Co and Ni rates do 
not differ at different bulk pHs.  
Fig. 6.14a, b and c compare the simulated surface coverage by the Fe, Co and Ni 
species, respectively, at the bulk pH 2.5 and 3.0 from electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M). The simulated surface coverages by the Fe species 
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Fig. 6.14 Simulated surface coverage by (a) Fe, (b) Co and (c) Ni species at bulk 
pH 2.5 and 3.0 from electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M). (Fig. 6.14 
continued)
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(FeNi(OH)2+ad and FeCo(OH)2+ad) and the Co species (CoNi(OH)2+ad) increase with 
bulk pH when the potential is more positive than -0.90 V, causing the Fe and Co rates to 
increase slightly. When the potential is more negative than -0.90 V, the surface 
coverages by the Fe and Co species do not differ at different bulk pHs resulting in the 
same Fe and Co rates simulated as shown in Fig. 6.13a and b. The surface coverage by 
the Ni species (NiOHad) at the bulk pH 3.0 is slightly higher than that at pH 2.5, 
although it is too small to produce a significant effect on the simulated Ni rate as shown 
in Fig.6.13c. 
Fig. 6.15 shows the comparison of simulated side reactions rate at the bulk pH 
2.5 and 3.0 from electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M). The simulated side 
reaction rate at the bulk pH 2.5 is higher than that at pH 3.0 as expected. While the 
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simulated side reaction rate is slightly underestimated at the bulk pH 3.0, the result at 
pH 2.5 agrees well with the experimental data.  
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Fig. 6.15 Simulated side reactions rate at bulk pH 2.5 and 3.0 from electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M).  
Fig. 6.16 and 6.17 show the simulated deconvolution of the side reaction rate 
and the surface pH at the bulk pH 2.5 from electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M), respectively. Similar to the result at pH 3.0, the 
hydrogen ion reduction (iH+) accounts for most of the total side reaction rate (iSide) at 
potentials more positive than -1.1 V as shown in Fig. 6.16. When the potential is more 
negative than -1.15 V, the hydrogen ion reduction decreases dramatically and the water 
reduction becomes the dominant side reaction. Correspondingly, the surface pH rises 
sharply in this region as shown in Fig 6.17. The surface pH is 0.2 - 2.2 units higher than  
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Fig. 6.16 Simulated deconvolution of the side reaction rate at bulk pH 2.5 from 
electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M).  
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Fig. 6.17 Simulated surface pH at bulk pH 2.5 from electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M).  
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Fig. 6.18 Simulated NiCoFe ternary alloy composition (wt %) at bulk pH 2.5 
and 3.0 from electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M), (a) Ni%, (b) Co%, 
and (c) Fe%. (Fig. 6.18 continued) 
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the bulk value in the simulated deposition region, similar to that (0.1 - 2.4) at the bulk 
pH 3.0.  
Fig. 6.18 shows the comparison of simulated alloy composition at the bulk pH 
2.5 and 3.0 from electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M). Similar to the result of 
the non-hydroxide model, the Fe content increases with bulk pH when the total current 
density is more positive than -20 mA/cm2, while at more negative current densities it 
decreases with the bulk pH. In contrast, the Ni content behaves in an opposite way. The 
simulated Co content decreases with the bulk pH when the total current density is more 
positive than -20 mA/cm2, remains relatively unchanged between -20 mA/cm2 and -30 
mA/cm2, and decreases with the bulk pH again at more negative current densities. 
 Fig. 6.19 compares the simulated current efficiency at the bulk pH 2.5 and 3.0 
from electrolyte Ni(0.2M)Co(0.025M)Fe(0.025M). The model captures the experimental 
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trend. The simulated current efficiency at the bulk pH 3.0 is higher than that at pH 2.5 as 
expected. The metal partial current densities are overestimated at the bulk pH 2.5, 
causing the current efficiency to be slightly overestimated. As mentioned previously, the 
side reaction simulation is underestimated at pH 3.0 resulting in a current efficiency that 
is slightly overestimated.  
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Fig. 6.19 Simulated current efficiency at bulk pH 2.5 and 3.0 from electrolyte 
Ni(0.2M)Co(0.025M)Fe(0.025M).  
6.6 Summary  
A hydroxide model is developed for the NiCoFe ternary alloy deposition, which 
assumes the metal hydroxides are the main reacting species during the Ni, Co and Fe 
single metal and NiCoFe ternary alloy depositions. The simulated surface coverages of
FeNi(OH)2+ad and FeCo(OH)2+ad, CoNi(OH)2+ad and NiOHad are similar to those of 
FeNi(III)ad and FeCo(III)ad, CoNi(III)ad and Ni(I)ad in the non-hydroxide model, 
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respectively, thus predicting similar metal partial current densities at different Co2+ and 
Fe2+ bulk concentrations during the ternary alloy deposition. The chemical equilibria of 
metal sulfates, bisulfate, metal hydroxides and boric acid are added in the hydroxide 
model. An appropriate hydrogen ion diffusion coefficient from the literature is used 
compared with the non-hydroxide model as the bisulfate ions can provide extra protons 
and act as a buffer in the electrolyte. The simulated Fe(OH)+, Co(OH)+ and Ni(OH)+ 
surface concentrations increase appreciably with bulk pH. In contrast, the Fe, Co and Ni 
rates increase only slightly with bulk pH and do not differ at more negative potentials, 
which are dictated by the surface coverages of FeNi(OH)2+ad and FeCo(OH)2+ad, 
CoNi(OH)2+ad and NiOHad, respectively.  
CHAPTER 7. CONCLUSION 
The NiCoFe ternary alloy deposition is studied in a rotating cylinder electrode 
system from sulfate electrolytes. Ni, Co and Fe single metal depositions are also 
investigated and metal partial current densities are compared with those from the alloy 
deposition. Two numerical models are developed, one assuming metal hydroxides, 
M(II)OH+ are the main reacting species, referred to as a hydroxide model, while the 
other does not include electrolyte equilibria and treats the reactive metal species in a 
general way, M(II), referred to as a non-hydroxide model. The main results and 
conclusions are listed as follows:  
1. Both the non-hydroxide and hydroxide models successfully simulate the 
electrolyte concentration effect and capture the anomalous deposition behavior through 
catalytic reduction of mixed metal intermediate species and competitive surface 
adsorption. It is the first demonstration of working models for ternary iron-group 
electrodeposited alloys. Whether the metal hydroxides or the metal ions are the main 
reacting species is not the critical factor in determining the anomalous deposition. It is 
the preferential surface adsorption by the Fe species that is responsible for not only the 
enhanced Fe rate but also the inhibited Co and Ni rates. While the primary aim is to 
simulate the NiCoFe ternary alloy deposition, both models are also generalized ones 
that can predict the qualitative deposition behavior of all the iron-group binary alloy 
combinations from sulfate electrolytes.  
2. The hydroxide model is more comprehensive compared with the non-
hydroxide model. Bisulfate equilibrium and water reduction is included in the 
hydroxide model, rendering a more realistic side reaction rate simulation. Bisulfate ions 
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provide extra protons acting as a buffer, and water reduction becomes the dominant side 
reaction at negative overpotentials during the NiCoFe ternary alloy deposition. 
3. The Fe rate during the ternary alloy deposition is independent of the Co2+ and 
Fe2+ bulk concentrations, but is enhanced compared with its single metal rate. The 
observation of the enhancement is consistent with the results of NiCoFe ternary alloy 
deposition from fluoborate electrolytes39 and NiFe and CoFe binary alloy codepositions 
from sulfate electrolytes.24,29,33-35,42,44,45,48,63,64,69 The extent of the enhancement 
decreases with the Fe2+ bulk concentration, which is due to the depolarization of the Fe 
single metal deposition.  
4. The Co rate increases with the Co2+ bulk concentration but decreases with the 
Fe2+ bulk concentration during the ternary alloy deposition. Both catalytic and 
inhibiting effects are observed for the Co alloy rate from the same electrolyte compared 
with its single metal deposition. Such phenomenon has not been reported in the 
literature and is specific to the ternary alloy deposition. On the one hand, the presence 
of Fe contributes to the inhibition of the Co rate while the presence of Ni does just the 
opposite and enhances the Co rate. The experimental observation is a manifestation of 
these two competing events. The extent of inhibition and enhancement of the Co rate is 
dependent on the Co2+ and Fe2+ bulk concentrations. Only enhancement of the Co rate is 
observed at higher Co2+ bulk concentrations (0.05 and 0.1M) while the inhibition 
increases with the Fe2+ bulk concentration.  
 5. The Ni alloy rate decreases with the Fe2+ bulk concentration but appears 
unaffected by changes in the Co2+ bulk concentration. The Ni rate is inhibited compare 
with its elemental deposition due to the decrease of its surface coverage. The Ni surface 
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coverage is relatively low at noble potentials and increases dramatically as the Fe rate 
approaches its limiting value, leading to a shift of its rate-determining step. 
6. The metal partial current densities do not vary significantly at the bulk pH 3.0 
and 3.5, but decrease at the bulk pH 2.5. At high applied current densities, the Fe 
content in the alloy deposit decreases with bulk pH, while the Ni content increases and 
the Co content remains relatively unchanged, which is successfully predicted by both 
the hydroxide and non-hydroxide models.     
7. The simulated metal partial current densities increase slightly with bulk pH in 
the hydroxide model, which is dictated by the hydroxide intermediate surface 
coverages, not the hydroxide surface concentrations. 
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APPENDIX A: FINITE DIFFERENCE APPROXIMATION 
 A finite difference method is used to solve the coupled ordinary differential 
equations in the non-hydroxide and hydroxide models. At the electrode surface, forward 
difference approximation is used as 
h
JCJCJC
dx
dC kkk
J
k
2
)(3)1(4)2( −+++−=     [A-1] 
In the metal and hydrogen ions’ diffusion layers, center difference approximation is 
used as 
  22
2 )1()(2)1(
h
JCJCJC
dx
Cd kkk
J
k −+−+=     [A-2] 
At the internal boundary (metal ions’ diffusion boundary), back difference 
approximation is used for the left of the boundary and forward difference approximation 
is used for the right of the boundary as 
  
h
JCJCJC
dx
dC kkk
boundarytheofleft
k
2
)(3)1(4)2( +−−−=   [A-3] 
h
JCJCJC
dx
dC kkk
boundarytheofright
k
2
)(3)1(4)2( −+++−=   [A-4] 
At the end boundary (hydrogen ion diffusion boundary), back difference approximation 
is used as  
h
JCJCJC
dx
dC kkk
J
k
2
)(3)1(4)2( +−−−=     [A-5] 
C represents the unknown concentration, x is the distance from the electrode surface, k 
is the unknown number, J is the mesh point position and h is the step increase of the 
mesh point.   
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APPENDIX B: NOMENCLATURE 
a   reactive surface area 
b   inverse Tafel slope, V-1 
C   concentration, mol/cm3 or mol/l 
d   cylinder electrode diameter, cm 
D   diffusion coefficient, cm2/s 
E   potential, V 
F   Faraday constant, 96485 C/mol 
h   step increase of the mesh point 
i   current density, mA/cm2  
J   mesh point position 
k   reaction rate constant 
K   chemical equilibrium constant  
m   mass 
M   molecular weight 
n   valence 
R   gas constant, 8.314 J/(mol·K)  
S   rotation rate, rpm 
t   deposition time 
T   temperature, K 
W   metal weight percent 
x   distance from electrode surface 
Z   resistance, Ω·cm2  
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Indices 
ad   adsorption 
b   bulk 
corr   corrected 
e   empty space 
imag   imaginary part 
lim   limiting current density 
lim,exp  experimental limiting current density  
mea   measured 
real   real part 
Side   side reaction 
1                               reaction step #1 
2   reaction step #2 
 
Greek 
δ   diffusion layer thickness, cm 
ε   current efficiency 
θ   fraction of surface coverage  
ν kinematic viscosity, cm2/s 
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